Hydrologic Consequences of
Hot-Rock/Snowpack Interactions at
Mount St. Helens Volcano, Washington, 1982-84

THOMAS C. PIERSON, Editor

U.S. GEOLOGICAL SURVEY OPEN-FILE REPORT 96-179

Vancouver, Washington

1997



DEPARTMENT OF THE INTERIOR

BRUCE BABBIT, Secretary

U.S. GEOLOGICAL SURVEY

GORDON P. EATON, Director

For sale by
U.S. Geological Survey, Information Services
Federal Center, Box 25286,
Denver, CO 80225

The report is also available in digital form through the World Wide Web
URL: http://vulcan.wr.usgs.gov/Volcanoes/

Any use of trade names in this publication is for descriptive purposes only
and does not imply endorsement by the U.S. Geological Survey

Graphics and manuscript layout by Christine Janda



CONTENTS

| PR3 20 Yo L0To15 T o NN USROS 1

Thomas C. Pierson and Richard B. Waitt

Nature of Depositional Contacts between Pyroclastic Deposits

aANd SNOW OF ICE .uveireneieeieectecceee et 9
Joseph S. Walder

Transformation of Water Flood to Debris Flow following the
Eruption-Triggered Transient-Lake Breakout from the
Crater on March 19, 1982 ..o 19

Thomas C. Pierson

Sediment Transport in the Hyperconcentrated Phase of the
March 19, 1982, Lahar ....ucceeveviieeiiriiieiiiiiiiiiiiiiieieieieneeeeeeenns 37
Randal L. Dinehart

Dome-Collapse Rockslide and Multiple Sediment-Water Flows

Generated by a Small Explosive Eruption on

February 2-3, 1983 ......cccceovrienieieeinieneereeneeeeeeneenseesaenns 53
Thomas C. Pierson and Richard B. Waitt

Rock Avalanches, Rockfalls, and Associated Processes Induced
by Spreading of the Lava Dome, March 1984 ..................... 69
Jon J. Major and Patrick T. Pringle

Appendixes

Eruption-Triggered Lahar on May 14, 1984......................... 81
Patrick T. Pringle and Kenneth A. Cameron

LA s 109

LB 115

iii



INTRODUCTION
FiGure 1. Photograph showing bombardment of slopes of Sakurajima volcano with incandescent rock
fragments during nighttime ......ccoovvveirireieeietee e
2. Photograph showing pyroclastic surges descending snow- and ash-covered slopes of the
south sector of Mount St. Helens at a velocity of about 50 meters per second during
first moments of the May 18, 1980, explosive eruption ...........cccceveueueereruereercnireererieeaes
3. Photograph showing small rockslide-avalanche in progress from Mount St. Helens lava
dome, JUNE 10, 1985 ..oouoniiiiierieiieieieteeee ettt ettt et e et se e s as bbb e b e s be e e ersentans
4. Photograph showing lobe of rock avalanche deposit showing thorough mixing of rock
debris AN SNOW ..ot
5. Location map of Mount St. Helens area showing major streams draining the volcano ..........
6. Photograph showing snow-covered lava dome and crater of Mount St. Helens on
IMAECR 7, 1085 e ettt e e e e e e e e s e e e e aaeeeeeeeesaaaaeeeeseseesaseaaeseesessssraaraasaeean
7. Map of Mount St. Helens crater and Pumice Plain, which acts as head of the
North Fork Toutle RIVET ....c.cceuiiriiiiiiiicieicietccete ettt
CHAPTER 1
Ficure 1.1  Photograph showing pyroclastic deposits lying on snow; Mount St. Helens, Washington .....
1.2 Photograph showing pyroclastic deposits lying on snow; Redoubt Volcano, Alaska...............
1.3 Schematic cross section through a pyroclastic deposit of mean thickness L overlying
STIOW AN ICE ..ttt ettt sttt ettt b e bt s e sr e en e b e n e bt be e
1.4  Photograph showing results of experiment to illustrate differential melting on an
IETE@UIAT INLETTACE .....voiiict e
1.5  Definition of coordinate system for Fourier-series description of step in contact
between snow and overlying pyroclasts ...........ccccoviveiiiinnniicicr s
1.6 Photograph showing ice-cemented mixed avalanche deposits on Drift Glacier, Redoubt
VOLCAN0, ALASKA <o et e e e e e e e e e e e e e s e e s e e eene e s e e es
CHAPTER 2
FIGURE 2.1  Flow path of the March 19, 1982, eruption-triggered flood and subsequent debris flow .......
2.2 Position of highest transient-lake level, as interpreted from pumice-block strandlines and
other shoreline features mapped from aerial photography of March 23, 1982 ..................
2.3  Photograph showing view to the northeast out of the crater breach, where the water flood
left the crater floor and entered the deeply incised ravines on the north flank ..................
2.4  Photograph showing view into crater from head of Loowit Ravine .......cc.cccovurveenircennennnn.
2.5  Photograph showing oblique aerial view (looking south) of the crater floor and breach, the

iv

CONTENTS

ILLUSTRATIONS

eroded topography of the volcano’s lower north flank (the Steps), and the head of
the Pumice Plain (Step Fan) .....c.ccooiuiiniiiiiieecceee e



ILLUSTRATIONS—Continued

FIGURE 2.6  Longitudinal profile of flood flow path
A. On crater floor (from east spillway to head of Loowit Ravine) .......cccccccvveverencreccnceene
B. Continuation of A on north flank of the volcano (along axis of Loowit Ravine) .........
2.7 Photograph of unit 1 debris-flow deposit at head of Pumice Plain, about 6 kilometers

AOWNSLIEAN fTOM FlOOA SOUICE e eereeeeeeeeeee e e eeeeseeteeeeeeeeeesesessseeesesseesntesesssasasesessaeaes

2.8  Photograph showing lobe of Unit 2 debris-flow deposit at head of Pumice Plain ..................
2.9  Cumulative frequency curves of samples of debris-flow deposits (clasts larger than

64 millimeters not sampled) from upper North Fork Toutle River .......c.ccccovvvueunierrcncuenne
2.10 Photograph showing thin (few centimeters thick) Unit 2 debris-flow deposit on lower

Pumice Plain; boulders stranded when finer-grained slurry continued flowing

AOWNISLICAIN ..ottt bbb bbb st
2.11 Photograph showing gullying left by erosion of 1980 pumiceous pyroclastic-flow

deposits by debris flow on the lower Pumice Plain .o......ccooveiiiciiciniiicicnen
2.12  Cross sections of North Fork Toutle River channel where it is cut into the 1980 debris-

avalanche deposit at distances of about 13 and 20 kilometers downstream from the

transient Jake c.....ooiiiiiiiii s
2.13  Stratigraphic relations of Unit 1 to Unit 2 at distal end of channel reach carrying debris flow

CHAPTER 3

FiGure 3.1  Course of the March 19, 1982 lahar past gaging stations on the Toutle River
ANd COWIIEZ RIVET ..ottt ettt bbb
3.2 Photograph of standing waves in the Toutle River upstream from the Highway 99 bridge ...
3.3  Photograph showing newly deposited sand at right side of Toutle River channel, as

viewed upstream from the Highway 99 bridge .......cc..ccceninivcnnniiiicniciicees
3.4  Photograph of water-sediment mixture of fine material escapes from bank deposits

and returns t0 Main floW....c.cccooieiiiiiiice s
3.5  Sediment concentration and stream discharge derived from measurements of the

hyperconcentrated phase of the lahar at the Toutle River gaging stations.............ccccuueee.

3.6  Sediment concentration in two sand-size classes for the hyperconcentrated phase of the
lahar, fit with an exponential recession CUIVE .........cevieueeeecrruieeienenriectresere et
3.7  Sediment concentration of the lahar-generated flood wave measured at the gaging
station at the Cowlitz River at Castle RocK ......cooueviiviiiiiiriniicricccc e

CHAPTER 4

FIGuRe 4.1  Flow paths and deposits of sediment-water flows triggered by an explosive burst at

Mount St. Helens on February 3, 1983 during a dome-building eruption .......................
4.2 Photograph of southward oblique aerial view of crater, Loowit Ravine, and Pumice Plain

on February 3, 1983, showing darkened, debris-covered east crater wall and path of

mixed avalanche and succeeding flows ...........cccevurecncininiiniiiccc e
4.3  Seismograph records for parts of the 2339 (February 2, 1983) and the

0256 (February 3, 1983) eruptive bursts from seismic stations YEL and EDM ................
4.4  Photograph of northwestward view of dome on February 3, 1983, showing

rockslide deposit and mixed-avalanche deposit on crater floor ........ccccccriiiiiiniiinnnen.
4.5  Plan view of flow paths and deposits in crater and breach areas........c.ccooouiiiiiiiniciciinicninn,

27
27

28

29

31

33
34

39
42

43

44

45

48

49

54

56

58



ILLUSTRATIONS—Continued

FiIGUrRe 4.6

CHAPTER 5

4.7
4.8

4.9

4.10

FiGure 5.1

CHAPTER 6

5.2

5.3
5.4

5.5
5.6
5.7
5.8

5.9

FiGurRe 6.1

vi

6.2

6.3

6.4

6.5

6.6
6.7

Photograph showing rough-surfaced mixed-avalanche deposit, 80 centimeters thick,
overlying snow in lower crater breach at head of Loowit Ravine........ccocveceececnunirinnnenen.
Photograph showing outer margin of west depositional lobe on Pumice Plain ......................
Components of mixed-avalanche deposit:
A. Plot of sample bulk density versus distance from avalanche source
(rock buttress on east crater Wall) .........ccooeviveiiiiiiiiceciee e
B. Rock fragments in mixed-avalanche deposit as a fraction of total solids
(rock + ice) versus distance from avalanche SOUICe .....ccovveveenveeeeeiiiieeieeeerereeeee
Grain-size frequency histograms for mixed-avalanche, mixed-slushflow,
and debris-flow deposits .........cccceueuiiiiiiiiiiii e
Photograph showing nested nature of mixed-avalanche, mixed-slushflow, and
water-flow deposits, visible from subtle tonal and textural changes, and water-
eroded channel, in crater breach at head of Loowit Ravine.....c.cocoueeuivenincencciinccinane.

Drainage network at Mount St. Helens ....c.coooviuciicieiiciciieccccececctenesennes
Photograph of oblique aerial view of Mount St. Helens crater showing lava dome

and March 29, 1984, rock-avalanche fan ........c.coeeveeccrieiniciceeienec e
Seismograph record of March 29, 1984, from seismic station HOA .........coovviieiniiiinnnnee.
Photograph showing time-lapse photograph of incandescent rockfalls on March 31, 1984,

resulting from spalling of newly extruded 1ava .....c..coovvevinicecuiiincencnnccen
Photograph of oblique southward aerial view of March 29, 1984, rock-avalanche fan...........
Geologic map of rock avalanche-rockfall complex........cceocoriininiicinivniiiiicccccccne
Photograph showing undulating surface of snow at the base of unit A ......cccoocvevivceiincnn.
Photograph showing exposure of unit B1 illustrating the poorly sorted, loose,

dry texture of the depPOSit......ccccvvueriueviieuereiriein ettt et
Profiles of the north part of the Mount St. Helens dome on January 31, 1984,

and APIil 14, 1984 ..ottt er et et

Path of May 14, 1984, lahar and lahar runout and locations of selected

MEASUTEd CTOSS SECTIONS ....vevivererererrintriacseateseeseberesetsa s s aeeeseeestseeses st s s sen b aesasesesensasacens
Panorama from Johnston Ridge, about 7 kilometers north of the crater showing

approximate extent of May 14 mixed snow and rock avalanche and slushflow and

paths of various lobes of the lahar ........c.ccocoiiiiii e
Photograph of upstream view showing lahar recessional flow in the North Fork Toutle

channel at about 1013 on May 14, 1984 ......ceoiviiiriniiiniiieicntccrcc s
Photograph showing side view of a recessional-flow knickpoint 14 kilometers from

vent at about 1014...c.ccevvicnineicnnnne ettt h ettt bttt b bbb bbbt eas
Photograph of downstream view of North Fork Toutle River at 1016 (9 minutes after

passage of lahar flow front) showing a series of oblique and normal wave fronts

(hydraulic JUmPs?) ..o
Photograph showing close up of bow-shaped wave front (hydraulic jump?) .....cccceveiiieneine
Photograph showing upstream view of the North Fork Toutle River and sinuous, dune-

like features (bed forms?) 16 km downstream from the vent immediately after passage of

recessional surge shown in figures 6.5 and 6.6 .....c.coceeiiuiiinininincciee e

86
87



ILLUSTRATIONS— Continued

FIGURE 6.8  Sampling of the sediment-discharge peak at 1046, 24 kilometers downstream of the crater
(at measured cross seCtion INF335) ......cccovriiinrinrioieereeeseeeresseeseenreseessessssessessesssessesssons 920
6.9  Longitudinal profile of the North Fork Toutle River from the crater to Elk Rock showing

A, transition interval from slushflow to debris flow, and B, the transition interval

from debris flow to hyperconcentrated flow ........c..ccccreuiiiiiieniicienieeee s 91
6.10  Sequential schematic stratigraphic sections showing upstream-downstream textural

changes and depositional facies associated with the May 14, 1984 lahar.........cccccceueunece. 91
6.11 Photograph of aerial oblique view eastward at 1530 showing confluence of Steam Creek

with North Fork Toutle River, about 9 kilometers downstream of the crater .................. 92
6.12  Photograph showing diamict deposited as backfill in hanging tributary shown in fig. 6.11

(8 Kilometers from the CIALEL) uuiiieiiieiieiiereeetteett e it eesteesreeeeeseeesoresessaesessasesessassssassanes 93

6.13  Photograph of downstream aerial oblique view of Steam Creek (about 6 kilometers

from the lava dome) at 1336 showing ponding 3 hours after passage of the lahar

FLOW FEONE Lttt ettt 94
6.14 Photograph of terrace-capping deposits on the right bank of the North Fork Toutle River

about 16 kilometers from the lava dome show evidence of the beginning of the

transition from debris flow to hyperconcentrated flow ........ccooivinnreiicnneccininecenne 94
6.15  Cross section of dacite-breccia fragile clast rafted by the May 14, 1984 lahar,
16 kilometers from the Java dome .......c.eeueivinirniiiinnncctece e 95

6.16  Sediment concentration (by weight) changes in a series of dip samples obtained
on May 14, 1984, near the periphery of the lahar runout flow 24 kilometers from

the Lava Dome (near cross section INF335) .....uiiiiiiiieieiiiieesieeessteessssesssesessasesessnesesseans 97
6.17 Photograph showing downstream oblique view of knickpoint cut into debris-flow
surface, 16 kilometers from the 1ava domie ..eoeoueeveeeeceeeeeeeeeeeeeeeeeeeeeee e s seeeres e s seeas 98

6.18  Diagrammatic formation of bed forms in transition reach: 4, Surging waves and

scour during recessional flow on fresh lahar deposit; and B, knickpoint bed form

and pumice-rich veneer remaining after tail of lahar drains away.............. RO 99
6.19  Photograph showing depth of peak flow at (A) mudline 4 kilometers from the lava dome

and (B) streamlined ridges and smoothed surface scoured by the May 14, 1984,

AEDIiS flOW ...ttt et et 99

6.20  Selected cross-section plots of the North Fork Toutle River basin showing net erosion
and deposition caused by the May 14, 1984, Jahar........c.cccceeeeininnininncnennierneceee 100

6.21  Section of a seismogram from the Elk Rock Three seismograph (ERT), located about
24 kilometers downstream of the vent near the North Fork Toutle River .........cccoueueueeie. 101

APPENDIX 1.A

FIGLRE 1.A  Definition of coordinate system for heat-flow analysis .........cocoeecuervnvcrciirnsieencccecsenes 109
1.B  Inversion of lapace transform .........coccvuruiiiiiiiciniiiciccice e 117

vil



CONTENTS

TABLES
CHAPTER 2
TaBLE 2.1 Erosion index values for monumented cross sections on the North Fork Toutle River............... 30
2.2 Characteristics of flood channels at Mount St. Helens and Mount Rainier where
water floods have transformed to debris flows .........cccccuevicuiieniiiieccccees 32
CHAPTER 3
TaBLE 3.1 DPeak stream discharges at gaging stations along the course of the lahar of May 19, 1982........... 46
3.2 Average velocity of flood-wave front along the course of the lahar of March 19, 1982,
in the Toutle River, Washington ........c..coocimiiicciiciciiiiecere et 47
3.3 Sediment discharges of lahar of March 19-20, 1982, in the Toutle River.........cccoevvueerererreuenneee 50
3.4 Sediment discharge in sand-size classes at two-gaging stations along the course of lahar of
March 19-20, 1982, in the Toutle RIiVer .........ccoeivmiiiiiniiiiiiiiicesncecc s 50
3.5 Comparison of stream discharge and sediment transport on February 20 and
March 20, 1982, at Toutle River at Highway 99 ... 51
CHAPTER 4
TABLE 4.1 Properties and composition of mixed-avalanche deposit..........ccccovuveeueuiurirnineiiniercccrcenee. 62
4.2 Grain-size parameters of mixed-avalanche, mixed-slushflow, and debris-flow deposits............... 64
CHAPTER 6
TaBLe 6.1 Flow observations and erosional and depositional features for the May 14, 1984, lahar ............ 88
6.2 Velocity, discharge, and associated channel data for the May 14, 1984, lahar .......c.ccoccoceuvnnnnneee 96

viil



CONTENTS

CONVERSION FACTORS

Multiply By To obtain

Length
millimeter (mm) 0.03937 inch
centimeter 0.3937 inch
meter (m) 3.281 foot
kilometer 0.6214 mile

Area

square meter (m?) 10.76 square foot

1.196 square yard

0.0002471 square acre
square kilometer (km?) 0.3861 square mile

Volume
liter (L) 0.2642 gallon
cubic centimeter 0.06102 cubic inch .
cubic meter (m3) 35.31 cubic foot

1.308 cubic yard

0.0008107 acre-foot
cubic kilometer (km?) 0.2399 cubic mile

Volume per unit time (includes flow)
meter per second (m/s) 3.281 foot per second
cubic meter per second (m3/s) 35.31 cubic foot per second
15,850. gallon per minute
Mass
kilogram (kg) 2.205 pound avoirdupois
megagram (Mg) or metric ton 1.102 short ton (2,000 1b)
Thermal energy
joule (J) 9.478 x 107 British thermal unit
joule per kilogram (J/kg) 4.298 x 107 British thermal unit per pound avoirdupois
joule per degree Kelvin 2.388 x 107 British thermal unit per degree Rankine
per kilogram ([J/°K]/kg) per pound avoirdupois
Temperature

degree Celsius (°C) °F = 1.8 (°C) + 32 degree Fahrenheit

ix



HYDROLOGIC CONSEQUENCES OF
HOT-ROCK/SNOWPACK INTERACTIONS
AT MOUNT ST. HELENS VOLCANO,
WASHINGTON, 1982-84

By THoMas C. P1ErsON and RicHARD B. WarrT

INTRODUCTION

CONTENTS
Background ........ccccerirenieenne e 1
Types of hot-rock/snowpack interactions ........cc.couence... 2
Processes of explosive eruptions.........ocvvvccevriiecnnee. 2
Processes of lava-dome mass failures.........cccocoeueuieeee 3
Types and characteristics of sediment-water flows .......... 3
Volcanic activity and research at Mount St. Helens ........ 5
Acknowledgments ......ccoouverieeeericncennicce e 7
References cited .......cooveciiieeenciiniinininiisceeseeereenes 7
BACKGROUND

Emplacement or flowage of hot pyroclastic rock debris
on or into thick snowpacks on volcanoes can trigger
hazardous rapid flows of sediment (including ice grains)
and water. Such rapid flows can extend far beyond the
flanks of a volcano, as has been observed at volcanoes in
many parts of the world (Major and Newhall, 1989).
Commonly these sediment-water flows achieve discharges
and velocities that produce catastrophic consequences
more than 100 km downstream from source areas. The
hazardous nature of such flows was most recently
demonstrated in 1985 at Nevado del Ruiz volcano in
Colombia, where snowmelt-generated sediment-water
flows killed about 23,000 people (Lowe and others, 1986;
Naranjo and others, 1986; Pierson and others, 1990).

Snow-covered stratovolcanoes like those in the
Cascade Range and in Alaska commonly erupt explosively
and produce potentially unstable lava domes. On such
volcanoes volcanic explosions and mass failures from lava-
domes are two primary mechanisms by which a hot rock
having a large surface area is brought into contact with
snow. Through this contact heat is effectively transferred
to the snow, and large volumes of rapidly melted snow
can trigger a variety of flows involving sediment (initially
the hot volcanic debris) and water. Once triggered, the
sediment-water flows are likely to erode and incorporate
additional material from older deposits and thus increase
in volume. In addition to providing the heat to melt
snow, stratovolcanoes commonly provide other
conditions favorable to the initiation of sediment-water
flows: (1) high topographic relief and steep slopes; (2) the
presence of poorly consolidated or unconsolidated,
erodible pyroclastic rocks on slope surfaces; and
(3) weakened structural integrity caused by hydrothermal
alteration of rocks forming the edifice.

The details of interactions between hot pyroclastic
rock fragments and snowpacks are poorly understood.
Hydrologic consequences of eruptive activity are probably
fairly common at snow-clad volcanoes but have largely
gone unnoticed in the past owing to the remoteness of
most such volcanoes, to the small-scale, short-lived nature
of most of the phenomena, and to the sometimes
enigmatic nature of deposits that once consisted partly
of ice particles.
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that shown in Fig. 1.2. (I did not find exposures that
would permit assessment of the relief over horizontal
distances of many meters.) Snow immediately beneath
the deposits, over a thickness of about 0.5 m, was typically
rather hard, appeared to contain a lot of refrozen
me]twater, and sometimes had a dirty cast. This hard
snow was in places underlain by discontinuous ice lenses
several centimeters thick, and these were in turn underlain
by soft, clean snow. Because the thick blanket of
pyroclastic deposits effectively insulates the snow from
solar radiation and heat transfer from the atmosphere
(Driedger, 1981), another heat source must be invoked
to explain the apparent melting. I suggest that the
pyroclastic deposits melted undetlying snow to a depth
of about 0.5 m subsequent to deposition (assuming a
snow density of about 500 kg/m?), and that the melc
water percolated downward before refreezing.  Such a
large amount of melting would have destroyed any
contact features that could have provided information
about mechanical interaction of the pyroclastic flow and
the snow substrate. Alternatively, the refrozen meltwater
within the snowpack might have been derived from
melting of snow that fell on top of the pyroclastic
deposits.

CONCLUSIONS

Eruptions of snow- and ice-clad volcanoes often cause
substantial disruption of that snow and ice. To try to
understand the mechanical interaction between a hot
clastic flow and a snow- or ice substrate, inspecting the
subsequent deposits and the contact geometry would
seem to be standard, useful field methods. Unfortunately,
traditional modes of stratigraphic and sedimentologic
interpretation are questionable for the particular, and
perhaps peculiar, case of pyroclastic deposits laid down
on snow or ice. Post-depositional melting will tend to
destroy precisely the sort of features, such as grooves or
other indicators of scour, that might yield useful
information. There seems to be no way around this
phenomenon in the field.

Laboratory studies, albeit at much smaller scale than
actual volcanic events, do hold promise for understanding
the physics of interaction between hot clastic flows and
snow or ice. Deposits can be literally frozen in place
immediately after emplacement (for example, with a blast
of liquid nitrogen) and subsequently dissected. Such
laboratory sedimentologic studies, along with appropriate
measurements made while hot flows are in motion, are

in progress (Walder, 1992, 1995).
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ABSTRACT

A critical but poorly understood aspect of flash floods in
mountainous terrain is their potential to incorporate large

volumes of eroded sediment and to transform to debris flows,
thereby increasing in flood volume, peak discharge, flow
velocity, erosional capacity, and hazard to life and property.
A well-documented example of such a flow transformation
occurred at Mount St. Helens on March 19, 1982, when an
explosive eruption rapidly melted snow and ice, producing a
transient lake that grew to a volume of 3 to 4 x 10° cubic
meters before rapidly draining. The consequent flood, which
was released in two major flood waves, transformed from water
flow to debris flow as it progressed down the steep, deeply
incised north flank of the volcano. Peak flood discharge
approximately quadrupled and flow volume tripled in this
transformation, which was accomplished over a distance of
less than three kilometers.

Critical factors for the transformation of a water flood to
debris flow in this type of setting seem to be high discharge
(relative to channel capacity) and channel-bank height, slope,
and erodibility. In this and several other examples,
transformations have occurred after the initial water floods
passed bank-to-bank through narrow channel reaches bounded
by high (>20 meters), oversteepened (>45°) banks consisting
of noncohesive sands and gravels—reaches where large-scale
bank failures could introduce substantial volumes of
unconsolidated sediment directly into the flow.

INTRODUCTION

Flash floods or sudden releases of large volumes of
water, such as from dam failures, are in themselves
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significantly hazardous hydrologic events. Under certain
circumstances, however, water floods have eroded and
incorporated sufficient sediment to transform to debris
flows (O’Shea, 1954; Richardson, 1968; Jackson, 1979;
Yesenov and Degovets, 1979; Blown and Church, 1985;
Clague and others, 1985; Laenen and others, 1987;
Driedger and Fountain, 1989). A flow transformation!
from water to a dense, viscous slurry of water and rock
debris can increase flood volume, peak discharge, flow
velocity, and erosion capacity (bed shear stress) all by at
least a factor of 5 (Pierson, 1980; Costa, 1984; Gallino
and Pierson, 1985; Pierson and others, 1990). Whether
such transformations occur is of particular interest to
those modeling dam-break floods in mountainous terrain
(for example, Swift and Kresch, 1983; Laenen and Orzol,
1987; Laenen and others, 1987). At present (1994), the
factors responsible for transformation to debris flow are
not understood and debris-flow transformations cannot
be predicted.

A laterally directed blast from the south side of the
Mount St. Helens lava dome heralded the onset of the
March 19, 1982, eruption, during which hot
volcaniclastic debris dynamically interacted on a massive
scale with crater snow (Waitt and others, 1983; Waitt
and MacLeod, 1987). A meltwater transient lake formed
within tens of minutes and then drained rapidly,
producing a lahar—a rapidly flowing mixture of water
and sediment from a volcano (Smith and Lowe, 1991).
The lahar initially had the characteristics of a water flood;
it subsequently eroded and incorporated enough
sediment to transform to a debris flow, which continued
flowing downstream for 25 kilometers before
transforming to hyperconcentrated flow (Waitt and
others, 1983; Pierson and Scott, 1985). The debris-flow
phase of the lahar continued to erode and incorporate
sediment along most of this flowpath.

The fresh deposits left by the events of March 19
provided an opportunity to document the conditions
under which a transformation from water flow to debris
flow occurred. This chapter documents in more detail
than in previous accounts the formation of the transient
lake that produced the flood, and it examines the factors

! "Flow transformation” is used here to connote fundamental changes
in theology and flow behavior caused by an increase in sediment
concentration. In contrast to this use, Fisher (1983) has limited
the term to describe changes in the flow state (laminar or
turbulent flow) and flow continuity (homogeneous or segregated
flow).

constraining flood discharge. Channel characteristics
then are described for the reaches in which
transformation occurred and in which the debris flow
continued to evolve. The purpose of the study was to
determine which factors seemed most directly related to
the transformation of a water flood to a debris flow.

LAKE-BREAKOUT FLOOD

TRANSIENT-LAKE FORMATION

The initial explosion of the March 19, 1982, eruption
was directed against the steep south crater wall, where it
dislodged most of the snow over a 120° sector on that
500-m-high slope (Waitt and MacLeod, 1987). Snow
and hot blast debris avalanched down off the crater wall,
coalescing to form a 10° to 107 m® mixed avalanche of
snow and hot debris (see Pierson and Janda, 1994) that
traveled around the dome and north out of the crater,
reaching as far as 9 km from its source (Waitt and others,
1983) (fig. 2.1). More explosions followed within the
next 2 to 3 minutes, during which time dacite pumice
began erupting. Hot pumice landed directly on the south
crater floor and on the crater walls, from where it slid
onto the crater floor. Heat from the pumice rapidly
melted snowpack and snow-avalanche deposits on the
crater floor, and large quantities of meltwater also flowed
directly off the crater walls (Waitt and MacLeod, 1987).

Meltwater ponded over a thick snowpack in the moat
formed at the south end of the crater between the lava
dome and the crater walls, and it was filled with rapidly
accumulating meltwater and juvenile deposits from the
eruption. The water eventually formed a lake about
0.3 km? in area that varied from 8 to 15 m in depth and
contained 3 to 4 x 10° m3 of water and floating pumice
(fig. 2.2). The transient lake was partly impounded by
the lava dome and by talus cones impinging from the
east and west crater walls, but no obvious evidence of
damming by other deposits was preserved at the outlets
following lake drainage (Waitt and others, 1983).

Altitudes of the highest pumice-block strandline
around the transient-lake shore generally ranged between
about 1,938 m and 1,942 m; maximum lake level was
approximately 1,942 m. Locally, pumice deposited
directly by dome explosions or by landslides down the
crater walls was present above the highest strandline. The
area of the transient lake was covered by 4 to 8 m of
juvenile pumice blocks, lapilli, ash, and sparse lithic
fragments (Waitt and others, 1983). Collapse structures
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for the next 25 km, eventually reaching a flow volume
roughly 5 times that of the initial flood.

The March 19, 1982 water flood transformation to
debris flow is one of several to have occurred at northwest
volcanoes in the last decade. Not all of these other cases
occurred in especially steep channels and none had large
(>500 m?/s) discharges. But, like the March 19, 1982
flood, all of them did occur after the initial water floods
passed through narrow channel reaches bounded by high
(>20 m), oversteepened (>45°) banks consisting of poorly
sorted, unconsolidated, and unvegetated deposits.
Therefore, channels that have such morphology and bank
materials may be prime sites for transformation of water
floods to debris flows.
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ABSTRACT

Hyperconcentrated lahars occur rarely, and are even more
rarely observed. Synoptic measurements of an eruption-
triggered lahar from Mount St. Helens were made on
March 19-20, 1982, at three gaging stations encompassing
37 kilometers on the Toutle River. Measurements were made
of surface velocity, stream depths and widths, stream discharge,
stream temperature, and river stage; flow samples (depth
integrated or dipped) were collected periodically. Decreasing

1Current address: U.S. Geological Survey, Water Resources Division,
Placer Hall, 6000 “J” Street, Suite 2012, Sacramento, CA 95819

1

amounts of sediment, from 4.9 to 3.1 million megagrams,
were transported past the three gaging stations, and 1.8 million
megagrams of sediment were deposited in the Toutle River
between the gaging stations at Kid Valley and Highway 99.

Much of the sediment transport occurred at
hyperconcentrated levels (40 to 80 percent sediment by weight)
during passage of the lahar, and the flow characteristics were
different from commonly observed sediment transport in
several respects. An extraordinary amount of sand was
transported at stream discharges typical of storm flow. The
high-density flow supported large quantities of woody debris
and hot, pumiceous dacite clasts. Rapid deposition of sand,
dramatic transitions in flow regimes, and dampened flow
turbulence were described in eyewitness accounts at each
gaging station. “

Rapid fluctuations in channel cross-section geometry and
in flow composition were measured as the lahar passed the
gaging stations. Peak stream discharge decreased by more than
50 percent between Kid Valley and Highway 99. The peak
sediment concentrations also decreased from an estimated
1,600,000 milligrams per liter at Kid Valley to 980,000
milligrams per liter at Highway 99. The fine-material
concentration persisted in the range 250,000 to 350,000
milligrams per liter for three hours, which enabled the water-
sediment mixture to transport unusually large sedimentloads.
Computations of sediment discharge for sand and fine-material
size classes showed that sand discharges decreased in a
downstream direction; however, fine-material discharges were
similar at three Toutle River gaging stations. These trends
confirmed the observed magnitude of sand deposition along
the channel and accounted for the paucity of fine material in
the lahar deposits.
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INTRODUCTION

On the evening of March 19, 1982, the explosive
phase of a dome-building eruption at Mount St. Helens
generated a snowmelt water flood that transformed to a
lahar and entered the North Fork Toutle River as a debris
flow (Waitt and others, 1983; Pierson and Scott, 1985;
Pierson, chap. 2, this volume). The debris flow phase of
the lahar evolved into a hyperconcentrated flow (40—80
percent sediment by weight; 530,000-1,590,000 mg/L,
Beverage and Culbertson, 1964). The front of the lahar
transformed from debris flow to hyperconcentrated flow
along a channel reach 27 to 43 km from the crater and
source area (Pierson and Scott, 1985). The debris flow
had transformed before reaching the U.S. Geological
Survey (USGS) gaging station on the North Fork Toutle
River at Kid Valley and traveled about 50 km downstream
from the gage before dilution below hyperconcentration.
Hyperconcentrated phases of lahars were termed “lahar-
runout flow” by Pierson and Scott (1985) and Scott
(1988). The term lahar has been assigned broader
meaning than it had previously, which now includes the
debris-flow and the hyperconcentrated phases (Smith and
Lowe, 1991).

Stream-gaging stations were established along the
Toutle River following the mudflow-producing eruption
of Mount St. Helens on May 18, 1980, in order to
monitor sediment discharge from the rapidly eroding
debris avalanche near the crater. Sediment-laden storm
flows were measured often for stream and sediment
discharge by USGS crews at the stream gaging stations
during the two years prior to March 19, 1982.
Equipment and techniques were well developed, and
channel geometry and flood behavior had been recorded
often before the measurements of the hyperconcentrated
flow.

This chapter documents the lahar observations and
the analyses of hydraulic and sediment transport
measurements of the lahar as it passed three gaging
stations in the Toutle River. The farthest-upstream stage
hydrograph of the lahar was recorded on the North Fork
Toutle River at Kid Valley. Stage hydrographs of the
lahar were also recorded at two gaging stations on the
main stem of the Toutle River. The flow remained in
the hyperconcentrated range for several hours throughout
the Toutle River system. The flow was finally diluted
below the hyperconcentrated range by rapid
sedimentation and by mixing with streamflow of the
Cowlitz River. The diluted flow was measured and
sampled at a fourth gaging station located on the Cowlitz
River at Castle Rock.

PURPOSE AND SCOPE

" Before March 19, 1982, the flow behavior of the
hyperconcentrated phase of a lahar had never been
observed and measured in detail in a natural stream. In
fact, hyperconcentrated flows of any kind were poorly
recognized in the geologic record or in field observatons.
Therefore, the purpose of this description of sediment
transport in the hyperconcentrated phase of the
March 19, 1982, lahar is to present quantitative evidence
for flow behavior based mainly on interpretation of field
observations. Sediment samples of the flow, collected
over time, show variations in the concentration and size
distribution of sediment that may prove to be diagnostic
of hyperconcentrated flows in general. Measurements
of the flow passage along the Toutle River show both the
high velocity of the flow and the rapid decrease in stream
discharge; such flow behavior had previously been
speculative or unknown. Fluid-dynamical analyses or
inferences from sedimentary deposits can be found in
other references (Laenen and Hansen, 1988; Scott,
1988).

FLOW CHARACTERISTICS
OBSERVED AT GAGING STATIONS

Direct observations, measurements, and continuous
river-stage records of the March 19, 1982 lahar were
obtained at gaging stations located 49, 77, 86, and 92 km
downstream from the crater (fig. 3.1). In downstream
order, the gaging station names are referred to in the text
as follows:

North Fork Toutle River at

Kid Valley : Kid Valley
Toude River at Tower Road near

Silver Lake: Tower Road
Toutle River at Highway 99 near

Castle Rock: Highway 99
Cowlitz River at Castle Rock: Castle Rock

The lahar of March 19, 1982, entered the lower North
Fork Toutle River when base flow was about 25 m3/s.
At a distance 42 km downstream from the mountain,
the tributary Green River added about 17 m?/s to the
passing flow. Ata downstream distance of 61 km (17 km
upstream from Tower Road), the South Fork Toutle River
added another 15 m3/s. At a downstream distance of
88 km (1.6 km downstream from Highway 99) the lahar
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TABLE 3.1. —Peak stream discharges at gaging stations along the course of the lahar of March 19, 1982

Location

Stream discharge
(cubic meters per second)

North Fork Toutle River at Kid Valley
Toutle River at Tower Road

Toutle River at Highway 99

Cowlitz River at Castle Rock

963
651
453
513

peak discharge and subsequent discharge measurements.
The time of peak stage (equal to the time of peak
discharge) was observed directly only at Tower Road, at
19 minutes after the first arrival of debris and beginning
of stage rise. A similar time of 20 minutes for the interval
between lahar arrival and peak discharge was assigned to
the Kid Valley discharge hydrograph, on the basis of the
Tower Road observation. A time interval of 25 minutes
was assigned to the Highway 99 discharge hydrograph,
which coincided with the first recorded peak on the stage
hydrograph for that station.

To interpolate the discharge recession curve for the
gaging station records, an initial rapid decrease in
discharge was assumed for the first 30 minutes after the
peak discharge, based on observations of the lahar at
Tower Road. An exponentially decreasing line was drawn
from the estimated peak discharge through the discharge
measurements made 3 to 6 hours after the peak discharge.
The actual rate of recession was uncertain because the
streambed rose measurably during recession as the stream
discharge of the lahar decreased through sediment
deposition.

Sediment deposition from the lahar was the primary
cause of downstream attenuation in peak stream
discharge. Stream discharge decreased by about one-
half of the peak discharge between Kid Valley and
Highway 99. As sediment from the lahar was deposited,
the stream discharge decreased. As described under
Computation of Sediment Discharge, a large proportion
of the stream discharge was sand that decreased rapidly
in concentration during channel deposition.

The velocity of the flood wave between the four
gaging stations was determined by identifying the time
of debris arrival or initial stage rise at each gaging station.
Because the extreme lahar density distorted the stage
recordings by manometer, the arrival times were the most
reliable times available. The arrival times and velocities
are summarized in table 3.2. From Kid Valley to Tower
Road, the front of the flow traveled 4.4 m/s, and slowed

slightly to 4.1 m/s between Tower Road and Highway 99.
The Toutle River enters the larger, slower moving Cowlitz
River at 1.6 river km downstream from Highway 99.
The flood wave traveled 2.4 m/s between Highway 99
and Castle Rock.

ANALYSES OF SEDIMENT
CONCENTRATION

The highest measured sediment concentrations were
about 1 million mg/L at the three Toutle River gaging
stations; the highest measured sediment concentration
at Castle Rock was 157,000 mg/L. Hyperconcentrations
are, by definition, greater than 40 percent sediment by
weight (Beverage and Culbertson, 1964), which is
equivalent to 530,000 mg/L. Therefore, the lahar that
passed the Toutle River sites was hyperconcentrated.
Sediment samples were collected at the Toutle River
gaging stations with standard samplers described by Guy
and Norman (1970), except for periods when the sampler
nozzles would clog with large sediment particles. At those
times, dip samples were collected with open-mouth pint
bottles (Guy and Norman, 1970). Some dip sampling
was necessary at Kid Valley and Tower Road, but all
sediment samples from Highway 99 and Castle Rock
were collected with standard samplers. Sediment
concentration and particle size were determined
according to methods described by Guy (1969).

The peak sediment concentration at the four gaging
stations decreased in downstream order. A peak
concentration of 1,600,000 mg/L at Kid Valley was
extrapolated from samples collected 70 minutes after the
approximate time of the peak concentration. The peak
concentrations at Tower Road (1,170,000 mg/L) and at
Highway 99 (980,000 mg/L) were interpolated from
samples collected about the time of peak concentration.

The peaks in sediment concentration occurred
between 25 and 80 minutes after the peak discharges at
the Toutle River gaging stations. Sediment concentration
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TABLE 3.2.—Average velocity of flood-wave front along the course of the lahar of March 19, 1982
in the Toutle River, Washington

Location Time Difference River Difference Velocity
(minutes) kilometer (kilometers) (m/s)
Kid Valley 2155 38.8
116 28.3 4.4
Tower Road 2351 10.5
39 8.9 4.1
Highway 99 0030 1.6
45 5.9 2.4
Castle Rock 0115 -4.3

also lagged peak stream discharge during storm flow in
the Toutle River during 1981 and 1982. The primary
sediment sources were several tens of kilometers from
the gaging stations where the concentrations were
measured, and the distance between sediment source and
measuring point is a major factor in the lagging of peak
sediment concentration behind peak discharge (Williams,
1989).

Sediment-concentration graphs for the Toutle River
sites (fig. 3.5) show an order of magnitude decrease in
concentration within 10 hours of peak concentration.
During that period, more than 100 samples were
collected at the Toutle River sites. The total sediment
concentration and the coarse-material (sizes from
0.062 mm to 2.0 mm) concentration followed similar
rise and decay curves. The coarse material reached peak
concentrations that were twice the fine material (sizes
finer than 0.062 mm) and receded in concentration more
rapidly. Fine-material concentration persisted in the
range 250,000 to 350,000 mg/L for three hours during
the main passage of the lahar.

Particle-size distributions in the coarse-material size
range were obtained for all sediment samples collected
during the flow. Concentration graphs of individual size
classes (fig. 3.6) were fitted well by exponential-decay
curves (Dinehart, 1983). The concentration of the
coarser sands receded more rapidly, indicating that the
hyperconcentrated phase was characterized by differential
settling. By contrast, sediment samples of debris flows
show that most particle sizes deposit at a uniform rate.

The persistence of fine-material concentration in a
range narrower than sand concentration during flow
passage was noted by Dinehart (1983). The finite source

of sediment in the fine-material size range may have
limited the attainment of fine-material concentrations
higher than 350,000 mg/L. Because the settling velocity
of silts and clays is less than that of sands, it is reasonable
to deduce that fine material was transported through the
Toutle River with less deposition and thus with less
reduction in concentration. The fine material also
continued to drain from coarse-material deposits and
return to the stream for transport (Scott, 1988).

The sediment-concentration graph for Castle Rock
(fig. 3.7) shows that most of the suspended-sediment
load transported past this gaging station was fine material.
Although much of the sediment load at the upstream
gaging stations was sand, the deposition of sand along
the Toutle River attenuated suspended-sand discharge
at Castle Rock. Sediment discharge of fine material past
Highway 99 was about the same as the total suspended-
sediment discharge past Castle Rock for March 20, 1982.
Substantial sand deposition occurred between the two
stations, especially at the mouth of the Toutle, and some
sand presumably became unsampled bedload in the
Cowlitz River. In the following section, sediment
discharges in various size classes are compared to show
the amount of sediment deposition between stations.

COMPUTATION OF SEDIMENT
DISCHARGE

Sediment discharge at each gaging station (tables 3.3,
3.4) was computed by subdividing the stream discharge
and the concentration graphs into appropriate time
intervals. The sediment discharge for each interval was
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computed by the equation
Qs =C Q(w+s) a

where Q, is sediment discharge, C is sediment
concentration in mg/L, Q. is stream discharge of the
water-sediment mixture, and a is a coefficient for units
of measurement and time interval. The values for each
interval were summed to obtain the suspended-sediment
discharge for the day. This procedure was applied to
concentration curves of total suspended sediment, sand
fraction, fine fraction, and (for Tower Road and
Highway 99) sediment-size classes from 0.062 mm to
1.00 mm. In table 3.3, the total suspended-sediment
discharge at Kid Valley for March 19 plus March 20 is
compared with the totals at Tower Road and Highway 99
for March 20 only, using data from Dinehart (1986).
The sediment discharge at Kid Valley on March 19 before
the lahar was 0.2 percent of the 2-day total. During the
last hour of March 20, 1982, the lahar was in complete
recession everywhere, and sediment discharges for that
time interval were again less than 1 percent of the total
sediment discharge for the flow.

Although only 50 to 70 percent of the sediment
sampled in the lahar at Kid Valley was sand size and larger
(Dinehart, 1986), the lahar deposits near the site were

95 percent sand size and larger (Scott, 1988). The
difference in sediment proportions is due to the passage
of much of the fine material through the Toutle River to
the Cowlitz River without deposition. Sediment
discharge values (table 3.3) show a 46-percent loss in
sand discharge between Kid Valley and Highway 99. A
10-percent loss in fine-material discharge was measured
for the same reach.

Sediment discharges for four sand-size classes also
were computed from concentration curves based on
particle-size analyses of sediment samples from Tower
Road and Highway 99 (Dinehart, 1986). Downstream
differences in sediment discharge ranged from 2 to
14 percent (table 3.4). The sand loss computed from
totals of individual sand-size classes from 0.062 mm to
1.00 mm was 201,000 Mg, whereas the loss computed
from the entire sand fraction was 280,000 Mg. Erratic
variation in the sand-concentration curves and the
additional, uncomputed sediment discharge for size
classes greater than 1.00 mm can account for the
disparity. The samples collected during the lahar may
not have defined the true trends in sand concentrations,
but the downstream differences in sediment discharge
of individual sand-size classes all confirm the magnitude
of sediment deposition between the two gaging stations.
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FIGURE 3.7.—Sediment concentration of the lahar-generated flood wave measured at the gaging station on the Cowlitz River
at Castle Rock. Most of the suspended-sediment load transported past this gaging station was fine material.
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TABLE 3.3.—Sediment discharges of lahar of March 19-20, 1982, in the Toutle River (in megagrams [Mg]). Discharges of fine and
sand sediment may not equal total sediment discharge, because all discharges were computed independently from separate concentration

curves
Fine sediment Sand sediment
Total sediment discharge (less discharge (greater
Location discharge than 0.062 mm) than 0.062 mm)
Kid Vallcy 4,930,000 1,420,000 3,500,000
Tower Road 3,550,000 1,390,000 2,160,000
Highway 99 3,130,000 1,250,000 1,880,000
Difference from Kid Valley 1,800,000 170,000 1,620,000

to Highway 99

TABLE 3.4.—Sediment discharge in sand-size classes at two gaging stations along the course of lahar of March 19-20, 1982
in the Toutle River (in megagrams [Mg])

Size class Percent
(mm) Tower Road Highway 99 Difference difference
0.062-0.125 431,000 370,000 61,000 14
0.125-0.250 589,000 575,000 14,000 2
0.250 - 0.500 624,000 543,000 81,000 13
0.500 - 1.00 318,000 273,000 45,000 14
COMPARISON OF LAHAR to 350,000 mg/L were transported by a smaller volume

WITH STORM FLOW

The hyperconcentrated phase of the March 19, 1982,
lahar was highly effective in transporting sediment from
Mount St. Helens. A storm flow on February 20, 1982,
in the Toutle River basin transported about 2 million
more megagrams of sediment past the Highway 99
gaging station than did the March 19, 1982, lahar (table
3.5). Although the sediment discharge was 1.7 times
greater than the lahar, the daily mean stream discharge
was 7.5 times greater than on March 20. The high
concentration of fine material that persisted during the
hyperconcentrated phase probably accounted for the
greater total sediment discharge. Fine-material
concentration in the storm flow probably did not exceed
150,000 mg/L, on the basis of samples collected during
the brief period of peak discharge (Dinehart, 1986). In
the lahar, fine material at concentrations near 250,000

of streamflow because unreworked deposits were eroded
near the crater. Additional fine material was acquired by
the lahar as it eroded extensive fine-grained reservoir
deposits impounded behind the 1980 sediment-retention
structure (fig. 3.1). The resulting dense, yet highly
mobile, mixture of water and fine sediments reduced the
fall velocities of coarser sediments so that sand
concentrations remained far greater than observed at the
higher stream discharges of typical sediment-laden storm
flows.

PREDICTION AND MEASUREMENT
OF LAHAR BEHAVIOR

The lahar from Mount St. Helens reached the mouth
of the Toutle River with unexpected rapidity. Traveling
86 km in 5 hours, the lahar front moved at an average
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TABLE 3.5.—Comparison of stream discharge and sediment transport on February 20 and March 20, 1982, at Toutle River at Highway 99

Daily Daily Daily
mean suspended- mean sediment
discharge sediment concentration
Date (m3/s) discharge (Mg) (mg/L)
February 20 603 5,430,000 81,100
March 20 80 3,130,000 234,000

velocity of 4.8 m/s. This is nearly twice the velocity of
2.5 m/s that had been estimated for a debris flow
originating from a pyroclastic flow on snow at Mount
St. Helens (Dunne and Leopold, 1981). Although the
kinematic viscosity of a sediment-laden flow increases
with increasing silt and clay concentration (Simons and
others, 1963), the increased viscosity did not retard flow
velocity significantly. The lahar front traveled from
Kid Valley to Highway 99 in about the same time as
flood waves of several previous storm flows.

Travel times of debris flows in the Toutle River were
predicted from digital models (Swift and Kresch, 1983;
Laenen and Hansen, 1988). Long travel times for Toutle
River debris flows that were computed by Swift and
Kresch (1983) appeared to result from overly large
assigned values of the consistency index “f.” Laenen
and Hansen (1988) modeled the March 19, 1982 lahar
and reported that the travel times, among other
hydrologic parameters, were sensitive to the values of
“1” and Manning’s “n.” Their model indicated that flood
waves for storm flows of the same magnitude would take
approximately twice as long as the modeled lahars to
travel from Kid Valley to Highway 99. However, the
hyperconcentrated flood wave traveled at a celerity very
near that of five storm-flow flood waves that were
measured during 1980 and 1981 (Dinehart, 1982).

Behavior of a flow like the March 19, 1982, lahar is
difficult to predict because hyperconcentrated lahars
occur rarely and are even more rarely observed. In
environments where lahars may be expected and an
opportunity for observation is presented, several types
of nonstandard measurements are desirable. Constant
sampling of the flowing lahar will provide a useful
sediment-concentration time series. Measurements of
flow depth throughout lahar passage can be used to
estimate rates of deposition. Recorded observations of
water temperature, flow regime, and bank deposits are

also valuable. High-angle video recordings of the flow
will provide evidence for estimates of surface velocity
and flow regime. For volcaniclastic sediments, laboratory
analyses may include clay mineralogy and measurements
of the specific gravities of various size classes. These
measurements will yield a more accurate description of
the dynamic changes in sediment transport that occur
during lahar passage.

SUMMARY

Rapid snowmelt in the crater of Mount St. Helens,
caused by a minor volcanic eruption on March 19, 1982,
eroded sediment that was transported rapidly down the
Toutle River. Immediate deployment of field personnel
to three gaging stations along the Toutle River enabled
the hyperconcentrated phase of the flowing lahar to be
measured in detail. The sediment transport and stream
discharge data indicated that sand deposition was
extensive along the course of the lahar. Particle-size
distributions of sediment samples were used to determine
the changes in concentration of various sediment-size
classes. Knowledge of the settling behavior was used to
interpret the lahar deposits that were examined by Scott
(1988). The main results of the study are:

1. Lahars, in their hyperconcentrated phase, are
overwhelmingly depositional, yet are capable of
transporting large quantities of sediment several
tens of kilometers from their source.

2. Standard techniques of discharge measurementare
not adequate to define discharge hydrographs for
a lahar passing a gaging station. Direct,
continuous measurements of cross-section
geometry, river stage, and flow velocity can aid in
discharge estimation.

3. Fine-material concentration remained constant in

a range from 250,000 to 350,000 mg/L, which
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was coincident with the duration of the
hyperconcentrated range of the lahar.

4. Coarse-material concentration reached higher
levels than fine-material concentration.

5. Differential settling of coarse sediments was
evident, and may be characteristic of
hyperconcentrated flows in general.

6. The peak stage coincided with peak discharge of
the flow, although streambed deposition after peak
stage was greater than 0.5 m at the gaging stations
along the Toutle River.

REFERENCES CITED

Beverage, J.P., and Culbertson, J.K., 1964,
Hyperconcentrations of suspended sediment: American
Society of Civil Engineers Proceedings, Journal of the
Hydraulics Division, v. 90, HY6, p. 117-128.

Dinehart, RL., 1982, Sediment-discharge characteristics of
the Toutle River following the Mount St. Helens eruption
[abs.]: Conference on Mount St. Helens—Effects on water
resources, Jantzen Beach, Or., 1981, Proceedings, p. 149.

Dinehart, R.L., 1983, Patterns of sediment concentration in
hyperconcentrated flows at Mount St. Helens [abs.]: Eos,
American Geophysical Union, Transactions, v. 64, no. 45,
p- 707.

Dinehart, R.L., 1986, Sediment data for streams near Mount
St. Helens, Washington, v. 2— water years 1981-83: U.S.
Geological Survey Open-File Report 85-632, 438 p.

Dunne, Thomas, and Leopold, L.B., 1981, Flood and
sedimentation hazards in the Toutle and Cowlitz River
system as a result of the Mount St. Helens eruption,
1980—Review and assessment for the Federal Emergency
Management Agency (FEMA): Federal Emergency
Management Agency, 92 p.

Guy, H.P, 1969, Laboratory theory and methods for sediment
analysis: U.S. Geological Survey Techniques of Water-
Resources Investigations, book 5, chap. C1, 58 p.

Guy, H.P, and Norman, V.W.,, 1970, Field methods for
measurement of fluvial sediment: U.S. Geological Survey
Techniques of Water-Resources Investigations, book 3,
chap. C2, 59 p.

Laenen, Antonius, and Hansen, R.P, 1988, Simulation of three
lahars in the Mount St. Helens area, Washington, using a
one-dimensional, unsteady-state streamflow model: U.S.
Geological Survey Water-Resources Investigations Report
88-4004, 20 p.

Pierson, T.C., and Scott, K.M., 1985, Downstream dilution
of alahar: transition from debris flow to hyperconcentrated
streamflow: Water Resources Research, v. 21, no. 10, p.
1511-1524.

Scott, K.M., 1988, Origins, behavior, and sedimentology of
lahars and lahar-runout flows in the Toutle-Cowlitz River
system, Mount St. Helens, Washington: U.S. Geological
Survey Professional Paper 1447-A, 74 p.

Scott, K.M., and Dinehart, R.L., 1985, Sediment transport
and deposit characteristics of hyperconcentrated
streamflow evolved from lahars at Mount St. Helens,
Washington: International Workshop on Flow at
Hyperconcentrations of Sediment, Beijing, China, 1985,
Beijing, China.

Simons, D.R.,Richardson, E.V., and Haushild, W.L., 1963,
Some effects of fine sediment on flow phenomena, U.S.
Geological Survey Professional Paper 1498-G, 47 p.

Smith, G.A., and Lowe, D.R., 1991, Lahars—Volcano-
hydrologic events and deposition in the debris flow-
hyperconcentrated flow continuum, i Fisher, R.V,, and
Smith, G.A., eds., Sedimentation in volcanic settings:
SEPM (Society for Sedimentary Geology) Special
Publication 45, p. 59-70.

Swift, C.H., IlI, and Kresch, D.L., 1983, Mudflow hazards
along the Toutle and Cowlitz Rivers from a hypothetical
failure of Spirit Lake blockage: U.S. Geological Survey
Water-Resources Investigations Report 82-4125, 10 p.

Waitt, R.B., Pierson, T.C., MacLeod, N.S., Janda, R J., Voight,
Barry, and Holcomb, R.T., 1983, Eruption-triggered
avalanche, flood, and lahar at Mount St. Helens—effects
of winter snowpack: Science, v. 221, p. 1394-1397.

Williams, G.P, 1989, Sediment concentration versus water
discharge during single hydrologic events in rivers: Journal
of Hydrology, v. 111, p. 89-106.



4.

;)OME-COLLAPSE ROCKSLIDE AND MULTIPLE
SEDIMENT-WATER FLOWS GENERATED BY A
SMALL EXPLOSIVE ERUPTION
ON FEBRUARY 2-3, 1983

By Tromas C. PIERSON and RicHARD B. WartT

CONTENTS
ADSLIACE .ottt et et e 53
The eruption of February 2-3, 1983 ..........ccccevvrrvenenene. 55
Eyewitness accounts ........ecveveeiiniresinnecnecneneecsnens. 55
Eruption seismicCity .....ccoceveeevmiinirieiccieeciccenins 55
Study methods ... 55
Volcanic processes affecting snowpack ......ccoevevererrunencne. 55
Ballistic ShOWET.....cc.evveeieeriereecteereeeeceeec e 57
Rockslide from lava dome ......cecveerecrieveeeerreirinenns 57
Ash cloud .....oveerreeiireeeeee e 57
Tephra fall ...oooveveierceeee e 57
Flows mobilized by pyroclast—snow interactions ......... 57
Mixed avalanche .......cocoooivievieeeeeciiceeeeee e 57
Mixed SIUShflOW .....ccvevvevvrieieriiriericreseeree e e 62
Water flow and debris flow ........coooveveivveiviererienene 62
Sequence and timing of flows.......ccccveieiinininininn, 66
Source and effects of meltwater ......c..cocccvvevreceiriveiiennns 66
Similarity to events of March 19, 1982 ......c.ccoccvvensn. 67
Mixed avalanche initiation mechanisms ..........c.ccocu....... 67
SUMIMALY <ceuiriiririreeecintrrerseee e eseene e e e sanesenees 67
References cited ........oeeeveereeviesiesieeeiisreeesieeeseeseseens 68
ABSTRACT

There is mounting evidence that significantly hazardous
hydrologic consequences can result from small volcanic
eruptions when ice and snow are present near the vent. Such
was the case at Mount St. Helens during a small, dome-building
eruption on February 2-3, 1983. Two explosive eruptive bursts

began the eruption in the snow-filled crater, each sending
plumes to about 6,100 meters in altitude. The plume from
the initial burst, beginning at 2339 Pacific Standard Time on
February 2, was dark-colored and was probably accompanied
by minor ejection of ballistic fragments. The second burst
began at 0256 on February 3 and had a plume that was lighter
in color. Within about 5 minutes the second burst successively
caused: (1) a ballistic shower that rapidly loaded the east crater
wall with hot volcaniclastic debris; (2) a 10°-cubic-meter
avalanche of wet snow and hot rock fragments from the ballistic
impact area; and (3) a gravitational collapse of part of the lava
dome, resulting in a hot rockslide, 10% to 10® cubic meters in
volume, onto the snow-covered crater floor. For the next one-
half hour, sustained meltwater production at relatively low
discharge saturated and remobilized part of the avalanche
deposit and then eroded a channel through the avalanche
deposit and into the crater floor. Some meltwater flow
transformed to a debris flow in a steep, deeply incised north-
flank channel that drained the crater.

Ballistic impacts of hot pyroclastic debris apparently
triggered the initial snow avalanches, although the exact
triggering mechanism is not clear. Heat from the rockslide
deposit, conducted to the underlying snowpack and possibly
supplemented by radiant heating from the incandescent
rockslide headwall, produced the sustained meltwater flow that
followed. It was the smaller, less energetic of two explosive
eruptive bursts that mobilized the sediment-water flows,
indicating that the risk of snowmelt-generated flows may be
more directly related to the relative effectiveness of hot-rock
emplacement on snow slopes than to eruption magnitude.
From a hydrologic perspective therefore, a larger eruption is
not necessarily more hazardous than a smaller one.
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mean grain size of 1.0¢ (0.5 mm), and had an average
sorting coefficient of 2.6¢ (table 4.2). The sorting values
of the distal debris-flow samples indicate that the debris
flow was very dilute and almost transitional to
hyperconcentrated flow. The debris-flow deposits also
were well drained and faitly porous; bulk density of one
frozen sample (site H) was 1.3 g/cm?.

The debris flow issued from the steep channel of
Loowit Ravine at a fairly low discharge and did not have
the competence to transport boulders much beyond the
confining levees of the mixed-avalanche and mixed

- slushflow deposits, although fine-grained slurries flowed
as far as Spirit Lake (fig. 4.1). Strand lines at the head of
the Pumice Plain (site D1 in fig. 4.1) showed a flow
width of about 25 m and a peak-flow depth of a litte
more than 1 m. A slope-conveyance calculation for this
cross section, assuming Manning’s n = 0.03, gives an
approximate discharge of 250 m>®/s and a velocity of
8.8 m/s. Runup of debris on a large boulder and channel
superelevation at sites H and G (fig. 4.1) indicated
minimum velocities of 3.4 and 3.3 m/s. A relatively low
discharge for the debris flow is consistent with the
observation that, while descending Loowit Ravine, the
debris flow did not overflow into the channel to the west
as the mixed avalanche and mixed slushflow did.

SEQUENCE AND TIMING OF FLOWS

The inferred sequence and timing of flows is
constrained by the seismic records, the eye-witness
accounts, and the field relations of eroded areas and
deposits. The mixed-avalanche deposit contained hot
blocks that had been emplaced prior to deposition of
the mixed avalanche, implying that the ballistic shower
preceded avalanching from the crater wall. Snow
striations left by the mixed avalanche terminated at the
foot of the rockslide deposit, and the surface of that
deposit did not seem to be eroded (fig. 4.5), indicating
that the dome-collapse rockslide must have followed the
mixed avalanche. Thus, the sequence must have been
(1) ballistic shower, (2) mixed avalanche, and (3) dome
rockslide.

All three events must have occurred within about
5 minutes of 0256 because that was the duration of the
high-amplitude seismicity at the YEL seismic station in
the crater; each of the three events is presumed sufficient
to have caused a seismic signal but their signals would
have been largely masked by the high-amplitude signals
caused by the explosive venting during the second burst.
The timeframe within which the three events occurred

is also constrained by the eyewitness report of the
appearance of the pulsing red glow (glowing rockslide
headwall) “about 5 minutes” after sighting the emission
plume. The 50 seconds of high-amplitude seismicity
recorded by the EDM seismometer is probably the
vigorous venting that caused the ballistic shower, and a
30-second, cigar-shaped seismic signal about 4 minutes
later (not shown in fig. 4.3) may be the rockslide from
the dome. The observed white cloud within the crater,
noted after the pulsing red glow was seen on the dome,
is interpreted to be steam produced by very hot rockslide
debris contacting snow. This cloud then was followed
by the sighting of a dark flow (time not recorded) exiting
the crater.

Some type of flow, presumably the mixed slushflow
or debris flow or both, continued for about one-half hour
after the intense seismicity at the beginning of the 0256
eruptive burst, because both seismometers recorded a
gradually diminishing, low-amplitude, high-frequency
signal until about 0328. This signal was similar to
seismograms known to be caused by debris flows
(Pierson, 1986). Thus, all major flow events seem to have
occurred by about 0330; the mixed-avalanche deposit
was confirmed to be in place during a pre-dawn
observation flight at 0530.

SOURCE AND EFFECTS OF
MELTWATER

The main meltwater channel headed at the hot
rockslide deposit. Meltwater could have been produced
by a combination of (1) melting crater snowpack from
beneath the hot rockslide deposit, (2) late snow
avalanches that landed on the deposit, and (3) melting
from the crater walls that were being subjected to radiant
heating from the ~900°C rockslide headscarp only 700
to 800 m away. Rilling from running water was evident
at the base of the east crater wall.

Meltwater flowing from the east side of the dome
seemed to have encountered the mixed-avalanche deposit
blocking its path. The upstream end of the avalanche
deposit and parts adjacent to the eroded channel appeared
to have been much wetter than the rest of the mixed-
avalanche deposit (fig. 4.5). Some meltwater was diverted
under the snowpack and emerged as a spring farther
downslope (fig. 4.5). The mixed-avalanche deposit
seemed to have served simultaneously as a sponge and as
a dam that temporarily impeded the flow of meltwater.
Once sufficiently saturated, the core of the mixed-
avalanche deposit along the axis of meltwater flow became
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partly liquefied and remobilized as the mixed slushflow.
Saturation of the original, relatively dry deposit by later
meltwater would account for the gradational contact
between the dry- and wet-looking deposits in the crater
and for the sharp contacts between these deposits farther
downslope on the Pumice Plain. Once the flow path
through the mixed-avalanche deposit had been cleared,
flowing meltwater began eroding into the crater floor.

SIMILARITY TO EVENTS OF
MARCH 19, 1982

The February 2-3, 1983, eruption was similar to the
eruption that occurred on March 19, 1982 (Waitt and
others, 1983; Pierson and Scott, 1985; chap. 2, this
volume), but the earlier eruption was larger and occurred
without a rockslide from the dome. The other main
difference between these eruptions was that meltwater
produced in 1982 accumulated in a large transient lake
in the crater before being released; consequently, the
resulting flood and debris flow were substantially larger.
Such a lake might have formed in 1983, as well, if the
eruptive bursts had been aimed more southward. Egress
of sediment-water flows from the southern end of the
crater is partly blocked by the dome itself, and greater
accumulations of snow at that end provide a potentially
abundant source of meltwater.

MIXED-AVALANCHE INITIATION
MECHANISMS

Five mechanisms could have triggered the snow-slope
failures that produced the mixed avalanche (Pierson and
Janda, 1994): (1) seismic or acoustic destabilization,
(2) generation of destabilizing pore-water pressures in
the snowpack from melting by imbedded ballistic
fragments, (3) destabilization by stress imparted to the
snow by ballistic impacts (inertial loading),
(4) destabilization by the added weight of the ballistic
fragments to the slope (gravitational loading), and (5) loss
of snow-slab tensile strength due to decreases in cohesion
(from localized melting and meltwater infiltration). The
last three of these mechanisms are probably responsible
for snow avalanches that commonly occur immediately
after rain begins falling on snow slopes, as suggested by
Conway and Raymond (1993). A single mechanism
could have triggered the mixed avalanches, or several
mechanisms possibly could have acted together.

The first mechanism seems improbable because the

earlier 2339 eruptive burst, which was seismically and
presumably acoustically more vigorous than the
0256 burst, did not produce significant avalanching.
Remnant deposits of early snow avalanches (occurring
prior to the mixed avalanche) were not observed, which
indicates that stress-wave propagation in the snowpack
from earthquakes or air-pressure waves would have been
insufficient to cause snow-slope failures during the
smaller 0256 eruptive burst. Furthermore, seismic or
acoustic shock should have released avalanches in
locations unrelated to ballistic-impact patterns on the
crater wall, but in this case, snow avalanche scars were
concentrated in the areas most heavily bombarded by
ballistics during the 0256 eruptive burst.

The spatial coincidence of ballistic impacts with
snow-avalanche failure scars supports a causal connection
between ballistic impact and snowpack destabilization.
The rapidity of seismic events after the beginning of the
0256 eruptive burst indicates that less than five minutes
elapsed from the time ballistic fragments burrowed into
the snow slopes until failures occurred. A similar, very
rapid response of snow avalanching to rainfall has been
documented by Conway and Raymond (1993), where
snow-slab failures 30 to 50 cm deep occurred sometimes
within minutes of the onset of rain, when liquid water
and heat had penetrated only 5 to 10 cm into the snow.
Weakening of snow-grain bonds by meltwater or buildup
of pore-water pressures in the snowpack might have a
destabilizing effect within 5 minutes only if the snow
was already thoroughly wetted (Conway and Raymond,
1993). The slightly subfreezing temperatures on
February 2-3 probably would not have allowed the upper
snow layers on the crater walls to be that wet.

The rapid onset of avalanching following the
beginning of the 0256 eruptive burst indicates that the
avalanches were triggered by inertial loading by ballistics
striking the snow surface, gravitational loading by the
weight of the accumulating ballistic particles, or
reduction of tensile strength in the snowpack by melting
and weakening of the snow surface (or some
combination of the three).

SUMMARY

Like the March 19, 1982, eruption, the
February 2-3, 1983 eruption in the crater of Mount
St. Helens triggered a rapid sequence of sediment-water
flows involving snow, hot rock debris, and water. Also
like the 1982 eruption, the 1983 eruption first produced
a massive mixed avalanche that reached as far as 6 km
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and temporarily held back subsequently produced
meltwater in the crater. In 1983, the smaller of two,
otherwise similar, explosive bursts produced the flows,
indicating that snowmelt flow hazards may not be directly
related to eruption magnitude but rather to the relative
effectiveness of hot-rock emplacement on snow slopes.
Therefore, a larger eruption is not necessarily more
hazardous than a smaller one. Although asingle, primary
avalanche-release mechanism could not be identified,
avalanche triggering occurs rapidly and seems to be
directly related to the ballistic fragments that hit the snow
slopes.
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ABSTRACT

On March 29, 1984, intrusion of new magma caused rapid
spreading and extensive cracking of the north flank of the
Mount St. Helens lava dome, which culminated in a series of
small rock avalanches and rockfalls (total volume approximately
10° cubic meters). The resulting avalanche and fall deposits
consist of five main units: a thin, coherent, basal diamict
(unit A); several overlapping, dry, noncohesive sand-rich
deposits that contain dispersed pebbles and boulders (broadly
grouped as units B1 and B2); a thin, generally massive deposit
of silty, fine sand that mantles much of the avalanche fan

! Current address: Washington Division of Geology and Earth Resources,
P. O. Box 47007, Olympia, WA 98504-7007

1

(unit C); and talus composed of boulders several meters in
size (unit D). The suite of deposits is bounded by a fringe of
fine sand and dirty snow.

The initial avalanche, recorded by unit A, is attributed to
failure of the cold, snow-clad, brittle shell of the dome; units
B1 and B2 record several subsequent failures of newly exposed
hot rock that lay beneath the shell; and unit D records spalling
of older dome rock and newly extruded lava for several days
after the initial mass failure. The mantle of massive, silty sand
(unit C) is attributed to a small pyroclastic flow and to fallout
of fine tephra generated by disaggregation of the hot-rock
avalanches. The boundary deposit is attributed to a
combination of pyroclastic flow, tephra fall, and runout of a
dilute slurry and dirty water.

Snow provides an abundant water source that exacerbates
the potential lahar hazard to sites down valley if hot-rock
avalanches and associated disaggregation processes cause the
snow to melt rapidly. However, more energetic, much hotter,
or much larger rock avalanches than those of March 1984 are
needed to produce associated meltwater flows that would affect
areas much beyond the crater. Without the presence of a
snowpack, rock avalanches must be substantially larger or more
energetic than those of March 1984 to pose a threat beyond
the crater.

INTRODUCTION

Rock avalanches and rockfalls originating from the
composite lava dome of Mount St. Helens since 1980
typically occur in one of three ways: (1) during periods
of renewed eruptive activity as a result of extensive
fracturing and weakening of the dome caused by
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intrusion of new magma; (2) by rock spalling from the
leading edge of newly extruded lava that has encroached
on the steep slopes of the dome; or (3) by earthquake-
induced collapse unrelated to eruptive activity. Typically,
the volume of failed material is small (<10%-10° m?)
compared to the volume of the dome (over 10® m? in
1986), and most of the debris that is shed is deposited as
talus at the basé of the dome. However, rock avalanches
and rockfalls from the lava dome occasionally are
sufficiently large and mobile that they reach onto and
spread across a part of the crater floor. Rock avalanches
and rockfalls from the dome that occur while the crater
floor is snow free affect only the crater and generally pose
little hazard beyond the immediate area, even if they are
hot. However, when hot-rock avalanches and rockfalls
occur while snowpack is present they can induce
melewater flows that may reach beyond the crater. Since
1980, several small eruptions of Mount St. Helens have
generated flood surges, slushflows, or mixed avalanches
of snow and debris that commonly have eroded large
amounts of sediment and transformed into lahars
(volcanic debris flows) that flowed beyond the crater and
into the North Fork Toutle River (fig. 5.1) (Waitt and
others, 1983; Pierson and Scott, 1985; Cameron and
Pringle, 1990; Pierson and Janda, 1994; Pierson, chap. 2,
this volume; Pierson and Waitt, chap. 4, this volume;
Pringle and Cameron, chap. 6, this volume).

EVENTS IN MARCH 1984

Rock avalanches and rockfalls accompanying an
eruption on March 29, 1984, illustrate failures that occur
by weakening of the lava dome when new magma is
actively injected into the dome, and by spalling of rock
from the leading edge of a lobe of newly extruded lava
that has encroached on the steep slopes of the dome.
The eruption was preceded by about eight days of
precursory seismicity and geodetic deformation. Shallow-
depth seismicity and deformation of the dome at Mount
St. Helens increased beyond background level on
March 22. The rate of deformation increased more than
twenty-fold, from about 12 mm per day to more than
30 cm per day, between March 22 and March 27,
(PM. Otway, New Zealand Geological Survey, written
commun., 1984). By March 27, earthquakes that could
be felt and heard occurred frequently within the crater.
Geodetic measurements indicated the northern part of
the dome was spreading most rapidly in response to the
intrusion of new magma. The rapid rate of deformation

and extensive cracking of the north flank of the dome
caused concern that a small explosion and (or) rock
avalanche might occur, which in turn could generate
flood surges or lahars that could affect downstream areas.

On March 29 a segment of the north flank of the
dome failed and disaggregated into a rock avalanche that
covered about 2 x 10° m? of the crater floor. Subsequent
rock avalanches from exposed hot rock and rockfalls from
the spalling carapace of the dome and from newly
extruded lava (first observed on March 30) added to the
deposit of debris during the next several days (fig. 5.2).
No explosion, significant snowmelt, or flood occurred,
however.

This chapter describes the complex deposit that
resulted from the rock avalanches and rockfalls of
March 29, 1984, deduces the geologic processes that
produced various components of that aggregate deposit,
and suggests why a flood was not generated. The events
described in this chapter contrast a winter-condition
eruption having only a local effect to other winter-
condition eruptions that had far-reaching effects
downstream (for example, Waitt and others, 1983;
Pierson and Scott; 1985; Pierson, chap. 2, this volume;
Pierson and Waitt, chap. 4, this volume; Pringle and
Cameron, chap. 6, this volume). Since the emplacement
of the rock avalanches and rockfalls of March 1984, other
similar events have occurred and their deposits have
buried the deposits described in this chapter.

TERMINOLOGY

The term rock avalanche is applied somewhat
broadly in this chapter. Some masses of failed material
probably were initiated by sliding, others by falling.
However, most of the failed rock masses quickly
disaggregated into predominantly sand-sized particles,
and the resulting deposits have characteristics of flow.
The term avalanche connotes flow behavior. Initiation
of an avalanche by slide or fall does not significantly affect
the characteristics of the resulting deposit (McSaveney,
1978). Rockfall refers to rock masses that became
dislodged, remained essentially intact or disaggregated
into predominantly boulder-sized fragments, and
contributed primarily to a deposit of bouldery talus that
does not have characteristics of flow. Pyroclastic flow
refers to a hot, rapidly moving, high-concentration
dispersion of gas and solid particles that commonly flows
in a nonturbulent manner. Pyroclastic-flow deposits
commonly are characterized by massive diamicts that can
























78 CONSEQUENCES OF HOT-ROCK/SNOWPACK INTERACTIONS AT MOUNT ST. HELENS VOLCANO, 1982-84

30 cm per day, whereas the west and south sides of the
dome deformed at rates of 8 and 2 cm per day
(PM. Otway, New Zealand Geological Survey, written
commun., 1984). Reflectors mounted on the dome were
displaced northward by 42 m between midday on
March 27, and midday on March 29; total displacement
of the north sector of the dome during this eruption was
estimated at 57 m. Intrusion of new magma into the
dome thus severely disrupted, and mechanically
weakened, the northern sector of the lava dome in the
few days prior to the rock avalanches. By 1700 on
March 27, a new arcuate crack, 1 to 2 meters wide and
about 10 meters deep, appeared on the north-northwest
sector of the February 1984 lava lobe, which had been
extruded high on the northeast part of the dome (Daniel
Dzurisin, U.S. Geological Survey, written commun.,
1984). At about 0318 on March 29 segments of the
north side of the dome and of the February lobe failed.
The geometry of the north flank of the dome before and
after the March rock avalanches, based on profiles
measured from contour maps from January 31, 1984,
and April 14, 1984, is illustrated in figure 5.9. Disruption
of the dome and emplacement of extruded lava in
February 1984 precluded direct measurement of the
initial volume of failed rock and of the total thickness of
the March rock-avalanche deposits, but the failure plane,
transport slope, and the region of deposition are clearly
indicated by the profiles.

On the basis of the stratigraphy and morphology of
the deposits and on the recorded seismic signals, we offer
the following interpretation of the events of March 29.
Segments of the outer shell of the dome dislodged, and
rapidly disaggregated, after the north flank was severely
weakened by intruding magma. The disaggregated mass
flowed down the north face of the dome, incorporated
snow and possibly saturated debris from the talus apron,
and then spread out to become unit A of the rock-
avalanche fan. That large segments of rock from lava
domes can fail, disaggregate almost instantaneously, and
transform into flowing masses has been observed at
Mount St. Helens (N.S. MacLeod, U.S. Geological
Survey, oral commun., 1985) and at Unzen volcano,
Japan (Ishikawa and others, 1992). Removal of a part of
the outer shell destabilized other mechanically weakened
segments of the dome high on the north side and induced
retrogressive failure. The ensuing piecemeal failure
(indicated by development of diamict stratigraphy in
unit A) consequently exposed hot rock in the dome.
Continued retrogressive failure of hot rock produced
pulses of hot-rock avalanches closely associated in time

with the initial cold rock avalanche, and resulted in
units Bl and B2. As these hot-rock avalanches
disaggregated, they generated a small pyroclastic flow (or
flows) that swept over the avalanche debris and deposited
a mantle of massive, silty sand (unit C). When magma
reached the surface of the dome, small rockfalls, involving
older pieces of the dome as well as new debris, continued
intermittently for several days and produced unit D.

Processes similar to those described in this chapter
occurred during a hot-rock avalanche in May 1986
(Mellors and others, 1988). That avalanche produced a
fan-shaped deposit that consisted of coarse, bouldery,
juvenile debris, more extensive pyroclastic-flow and
pyroclastic-surge deposits, and fine-grained tephra that
fell several kilometers downwind. As with the March
1984 episode of rock avalanches, no explosion occurred
and all of the observed facies resulted from the
disaggregation of rock during the emplacement of the
avalanche.

There are two major differences between the
March 1984 and May 1986 events, however. During
the rock avalanches of May 1986, hot debris mixed with
snow and produced debris flows in the crater and a small
flood and debris flow that left the crater (Cameron and
Pringle, 1990). Also, no deposit corresponding to an
avalanche of cold rock was recognized from the May 1986
event. The May 1986 event was caused primarily by the
failure of a segment of rock from a new lava lobe and not
by the failure of rock from the older, colder carapace of
the dome.

At volcanoes where lava domes have been extruded
onto slopes much steeper than the floor of the Mount
St. Helens crater, gravitational collapse of segments of
the domes has occurred without precursory activity or
warning and has generated hot-rock avalanches and
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FIGURE 5.9. —Profiles of the north part of the Mount St.
Helens dome on January 31, 1984, and April 14, 1984.
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pyroclastic flows that have traveled far beyond the lava
dome, sometimes with tragic consequences. Hot-rock
avalanches, pyroclastic flows, and pyroclastic surges
occurred during the 1990 eruptions of Redoubt volcano,
Alaska, when disrupted, thermally stressed rock from the
lava dome suddenly failed and rapidly disaggregated
(Miller, 1994; Gardner and others, 1994). Pyroclastic
flows that resulted in 43 deaths occurred when the lava
dome at Unzen volcano, Japan, suddenly collapsed and
hot rock disaggregated explosively (Fink, 1991; Ishikawa
and others, 1992). Similar dome collapses and associated
pyroclastic flows also have occurred during past eruptions
of Mount Hood volcano, Oregon (Brantley and Scott,
1993).

IMPLICATIONS FOR FUTURE
MASS FAILURES

Rock avalanches and rockfalls have occurred
infrequently from the lava dome at Mount St. Helens
during periods of eruption and of quiescence. If episodic
growth of the lava dome persists during the next several
decades, new lava lobes probably will be extruded, and
growth by intrusion of magma will certainly recur.
Regardless of how growth proceeds, rock avalanches and
rockfalls should occasionally occur owing to deformation
and lateral spreading of parts of the dome. Rock
avalanches such as those described in this chapter may
be a visible external expression of future volcanic activity.
However, rock avalanches of the magnitude described
in this chapter are likely to affect only the crater.

Comparison of the March 1984 rock avalanches with
other similar events at Mount St. Helens, particularly
the May 1986 event, suggests that the deposit from the
initial, cold rock avalanche prevented the subsequent hot-
rock avalanches and rockfalls from mixing with snow
and generating debris flows and floods. Although the
hot-rock avalanches of March 1984 probably were similar
in temperature to those of May 1986, the March 1984
rock avalanches did not generate pyroclastic flows that
extended far beyond the limits of the cold avalanche.
Thus there was little, if any, opportunity for quantities
of hot debris to mix with snow.

Although small rock avalanches and rockfalls from
the dome usually are not vigorous enough or hot enough
to melt snow rapidly and cause flooding beyond the
crater, exceptions do occur (Mellors and others, 1988;
Pringle and Cameron, chap. 6, this volume). Most of
the volcanic events that affected areas beyond the crater

were accompanied by small explosions of hot gas and
rocks (Waitt and others, 1983; Brantley and others, 1985;
Pierson, chap. 2, this volume; Pierson and Waitt, chap. 4,
this volume). During those events, snow from the crater
walls and floor melted suddenly and produced varied
combinations of flood surge, slushflow, and mixed
avalanches of snow and debris that flowed out of the
crater. Such flows commonly incorporated sediment as
they moved across the steep slopes beyond the crater,
and some of the flows subsequently transformed into
lahars that traveled tens of kilometers downstream (Waitt
and others, 1983; Pierson and Scott, 1985). Without a
snowpack, the likelihood of rock avalanches similar to
those described in this chapter spawning flows that would
affect areas beyond the crater is vastly decreased. Potential
hot-rock avalanches and related pyroclastic flows and
surges precipitated by a substantially larger failure of the
dome, however, could pose a future hazard beyond the
crater regardless of snowpack conditions.

CONCLUSIONS

Rapid spreading and extensive cracking of the lava
dome at Mount St. Helens related to intrusion of new
magma in March 1984, generated a series of small rock
avalanches. The total volume of deposited debris was
about 5 x 10°> m>. The initial rock avalanche probably
was cold, and its deposit consisted of a thin, dense
diamict. Subsequent rock avalanches had their source
in hot material. When the hot rock failed it rapidly
disaggregated into dominantly sand-sized particles and
generated not only hot-rock avalanches but also a small
pyroclastic flow(s). The hot debris was unable to mix
with snow, however, owing to the underlying avalanche
deposit.

Snow provides an abundant water source that can
exacerbate the lahar hazard down valley if hot-rock
avalanches and associated processes cause-rapid melting.
But more energetic, much hotter, or much larger rock
avalanches than those of March 1984 are needed to
produce associated meltwater flows that would affect
areas beyond the crater. Without a snowpack, rock
avalanches must be substantially larger than those of
March 1984 to pose a threat beyond the crater.
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ABSTRACT

On May 14, 1984, a shallow-seated explosion from the
dome at Mount St. Helens sprayed the west crater wall with
hot rock debris and gases and triggered a mixed snow-and-
rock avalanche and slushflow that exited the crater through
the Breach into upper Loowit Ravine. This mixture
transformed into a debris flow on the Pumice Plain as it

! Current address: Washington Division of Geology and Earth Resources,

) P. O. Box 47007, Olympia, WA 98504-7007
2 Current address: 14708 SE Rupert Dr. Apt. A., Portland, OR 97267

accumulated sediment and heat from the still-hot 1980
pyroclastic flow deposits and added water through melting of
admixed snow and ice granules and through incorporation of
water from stream channels and saturated sediments. The
resulting debris flow was erosional throughout the Pumice
Plain but caused aggradation of the active channel of the North
Fork Toutle River from 8 to 16 kilometers from the lava dome
before transforming to a hyperconcentrated flow. Temporal
and downstream changes in the flow behavior and correlative
textural changes in deposits were documented by eyewitness
observations, velocity measurements, sampling of the lahar,
and examination of deposits after they became exposed. At
least 7.1 x 10! joules was required to generate the estimated
4 x 10° cubic meters of meltwater incorporated in the lahar
from crater snow and ice.

INTRODUCTION

This report documents an unusual geologic
opportunity, that of making eyewitness observations of
a small lahat at close range and then subsequently
examining the deposits and geomorphic effects of the
lahar. This may be the first report that describes how
visually observed flow transformations in a lahar have
been correlated with downstream textural changes in its
deposits.

A shallow-seated volcanic explosion from the upper-
west flank of the Mount St. Helens lava dome triggered
alahar on May 14, 1984, just after 0937. A mixed snow-
and-rock avalanche from the west crater wall and a
recessional slushflow moved northeastward, exited the
1980 crater through the Breach, and then entered Loowit
Ravine, incising the surface of the crater floor and upper
Steps as deep as 2 m along a 30-m-wide track (fig. 6.1).
This mixture splayed into three distributary lobes on
Step Fan at the mouth of Loowit Ravine, about 5 km
from the lava dome (fig. 6.2).
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TABLE 6.2.—Velocity, discharge, and associated channel data for May 14, 1984, lahar. Method for calculating respective times and

CONSEQUENCES OF HOT-ROCK/SNOWPACK INTERACTIONS AT MOUNT ST. HELENS VOLCANO, 1982-84

velocities is noted under values. All cross sections more than 5 km from the lava dome are in the North Fork Toutle River.

[km, kilometers; m/m, meters per meter; m/s, meters per second; m>/s, cubic meters per second; m?, square meters]

Cross Distance from Channel slope Flow front Velocity Discharge Net erosion (-) or
section lava dome (km)  in 1984 (m/m) arrival, PDT (m/s) (m3/s) deposition (+), (m?)
LOO010 0.0 0.02 0941 — — +436
seismic
LO 020 0.3 0.11 — — — -12
LO 030 4.3 0.04 — — — +233
LO033 6.2 — — 9 2,600 -478
superelevation
LO 040 6.4 — 0952 9.6 2,000 -43
eyewitness interpolation
NF 100 8.1 — — 9 3,400 -191
interpolation
NF110 10.4 -644
NF113 -772
NF 120 14.1 — — — — -20
NF 130 15.7 — 1008 5-7 1,100-1,500 -36
eyewitness runup
NEF 300 18.6 — — — — +64
NF 310 21.1 0.06 — — — -225
NF 320 22.5 0.03 — — — -16
NF 325 23.5 1028 — — +1
Elk Rock gage
NF 330 23.7 0.02 — — — —
NF 335 24.2 0.02 1039 24 — —
(flow front) runup, — —
timed drift
1045
(sediment slug)
NF 345 24.9 0.02 — — — +322
NF 365 28.3 — 1108 2.6 — —
timed drift
NF 375 29.5 — — — — +69
NF390
N1 Dam 33.0 — 1138 2.3 — +113
timed drift
NF 400A 35.5 — — — +25
NF 420 37.7 — 1211 — — -88
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(1987) documents erosional features that resulted from
a channelized snow avalanche, but other examples of
debris flows containing substantial percentages of snow
are rare. Although snowy debris flows could exert a
significant shear stress on the bed, the substantial scour
documented by the cross-section resurveys of channels
swept by the May 14 slushflow was probably caused by
entrained rock debris and watery recessional flow.

TRANSFORMATION OF DEBRIS FLOW TO
HYPERCONCENTRATED FLOW

Flow transformations in sediment gravity flows have
been discussed theoretically by Fisher (1983), and the
flow transformations of lahars and the corresponding
textural characteristics of their deposits have been
documented by field studies (Pierson and Scott, 1985;
Scott and Dinehart, 1985; Scott, 1988). The rapid
downstream textural changes in May 14 deposits
resemble those reported for the March 19, 1982 flows
(Pierson and Scott, 1985) in which dilution is inferred
to have occurred at the head of the lahar by deposition
of solids and incorporation of overrun channel water in
astretch of channel thar Scott (1985) called the transition
reach (for a given flow).

The transition-reach textural changes in
May 14, 1984, deposits were first observed in the bar
deposit and basal layer 16 km from the crater and also
2 km farther downstream, where the lower unit is better
sorted and contains less fine material. Sixteen kilometers
from the crater, the bar deposit is poorly sorted and has
little evidence of matrix strength (for example, inverse,
coarse-tail grading; suspended boulders; floating fragile
clasts), unlike the mid-channel diamict deposited in the
medial channel environment immediately following
deposition of the bars. Because of their stratigraphic
relations with the diamict, the bars that are 16 km from
the vent and the lower units 16, 18, and 21 km from the
vent may have been deposited in an environment of
turbulent(?) mixing and dilution through incorporation
of channel water at the head of the flow. The upper unit
that is 21 km from the vent is texturally similar to
hyperconcentrated-flow deposits of March 19, 1982
(Pierson and Scott, 1985); this similarity indicates almost
complete transformation from debris flow to
hyperconcentrated flow.

Dip samples obtained as the flow passed cross section
NF 335 (fig. 6.8) indicate that sediment concentrations
were much less than those for debris flows (typically
greater than 80 percent by weight for flows that have

less than 3 pereent clay: Scott, 1988) and that peak
sediment concentration lagged the peak discharge by
about 5 minutes (fig. 6.16). The peak sediment discharge
concentrations of 33 percent solids by weight of a sample
obtained at the extreme periphery of the flow probably
underestimated sediment concentrations nearer the

thalweg where conditions were at least
hyperconcentrated.
DRAMATIC WAVE FORMS
(HYDRAULIC JUMPS?) OBSERVED IN THE
LAHAR RECESSIONAL FLOW

Hydraulic jumps in rivers have been described as
stationary shock waves or surges in which mechanical
energy from upstream supercritical flow is abruptly
converted to thermal energy through the action of
turbulence, such that flow immediately downstream from
a jump is deeper and travels at a slower velocity in the
subcritical flow regime (Stoker, 1957; Chow, 1959;
Komar, 1971). Large, almost evenly-spaced wave forms
visible about 16 km from the crater on May 14 could be
hydraulic jumps (figs. 6.5, 6.6). At this location, the
hyperconcentrated(?) tail of the lahar apparently returned
rapidly to a supercritical state after each successive wave
form. This shifting flow state perhaps was caused by
(1) an increased velocity due to an increase in slope or
confinement by channel narrowing (Baker, 1978; Fisher,
1983), (2) changes in fluid density caused by upward
movement of pore fluid due to rapid deposition of large
clasts, or (3) increased suspension of fine material because
of the turbulence at a hydraulic jump (Middleton and
Hampton, 1976; Lowe, 1979) or a combination of these

S
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FIGURE 6.16.—Sediment concentration (by weight) changes
in a series of dip samples obtained on May 14, 1984, near
the periphery of the lahar 24 kilometers from the lava dome

(near cross section NF335).
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have been correlated with downstream textural changes
in its deposits.

Temporal and downstream changes in the flow
behavior and correlative textural changes in deposits were
documented by eyewitness observations, velocity
measurements, sampling of the lahar, and examination
of deposits after they became exposed. At least 7.1 x 109
joules were required to generate the estimated 4 x 10°
cubic meters of meltwater incorporated in the lahar from
crater snow and ice.

ACKNOWLEDGMENTS
The authors thank K.M. Scott, D.W. Hubbell, and

Martha Crawford for reviews of this manuscript.
R.M. Iverson, K. M. Nolan, and J.E. O’Connor also
had helpful comments on the text. We shared enthusiastic
discussions about the May 14 explosion, lahar, and
related processes and deposits with R.J. Janda (deceased),
T.C. Pierson, D.E Meyer, R.L Shreve, R.B. Waitt, Peter
Otway, R.V. Fisher, M. Mango, W.W. Mast,
M.P. Doukas, T.J. Casadevall, Lyn Topinka, Bobbie
Myers and various staff members of the Cascades Volcano
Observatory. Helicopter pilot Bob Edwards deftly flew
us along side the actively flowing lahar and to
downstream locations where we warned tourists and
construction personnel about the approaching flood.

REFERENCED CITED

Ackroyd, Peter, 1987, Erosion by snow avalanche and
implications for geomorphic stability, Torlesse Range, New
Zealand: Arctic and Alpine Research, v. 19, p. 65-70.

Baker, V.R., 1978, Palechydraulics and hydrodynamics of
Scabland floods, iz Baker, V.R., and Nummedal, P, eds,
The Channeled Scabland: Washington, D.C., National
Aecronautics and Space Administration, p. 59-79.

Beverage, J.P., and Culbertson, J.K., 1964,
Hyperconcentrations of suspended sediment: American
Society of Civil Engineers Proceedings, Journal of the
Hydraulics Division, v. 90, no. HY6, pt. 1, p. 117-128.

Blackwelder, Eliot, 1928, Mudflow as a geologic agent in
semiarid mountains [with a discussion by
J.T. Singewald, Jr.]: Geological Society of America
Bulletin, v. 39, no. 2, p. 465-484.

Chow, V.T., 1959, Open-channe!l hydraulics: New York,
McGraw Hill, 680 p.

Costa, J.E., and Williams, G.P, 1984, Debris-flow dynamics
(videotape): U.S. Geological Survey Open-File Report
84-606, 22 minutes. [Available only at U.S. Geological

Survey Training Center, Denver Federal Center, Mail Stop
414, Denver, Colorado 80225]

Crandell, D.R., 1971, Postglacial lahars from Mount Rainier
volcano, Washington: U.S. Geological Survey Professional
Paper 677, 75 p.

Enos, P, 1977, Flow regimes in debris flow: Sedimentology,
v. 24, no. 1, p. 133-142.

Fisher, R.V., 1983, Flow transformations in sediment gravity
flows: Geology, v. 11, no. 5, p. 273-274.

Folk, R.L., 1974, Petrology of sedimentary rocks (2nd ed.):
Austin, Hemphill’s, 182 p.

Janda, R.J., Scott, K.M., Nolan, K.M., and Martinson, H.A.,
1981, Lahar movement, effects, and deposits, in
Lipman, PW,, and Mullineaux, D.R., eds., The 1980
cruptions of Mount St. Helens, Washington:
U.S. Geological Survey Professional Paper 1250,
p. 461-478.

Johnson, A.M., 1970, Physical processes in geology, a method
for interpretation of natural phenomena, intrusions in
igneous rocks, fractures, and folds; flow of debris and ice:
San Francisco, Freeman Cooper, 577 p. )

Kochel, R.C., and Baker, V.R., 1982, Paleoflood hydrology:
Science, v. 215, no. 4531, p. 353-361.

Komar, PD., 1971, Hydraulic jumps in wurbidity currents:
Geological Society of America Bulletin, v. 82, no. 6,
p. 1477-1487.

Lowe, D.R., 1979, Sediment gravity flows—Their
classification and some problems of application to natural
flows and deposits, iz Doyle, L.]., and Pilkey, O.H., eds.,
Geology of continental slopes: Society of Economic
Paleontologists and Mineralogists Special Publication 27,
p. 75-82.

Middleton, G.V., and Hampton, M.A., 1973, Sediment gravity
flows: Mechanics of flow and deposition, 7z Turbidites and
deep-water sedimentation: Los Angeles, Society of
Economic Palcontologists and Mineralogists, Pacific
section, p. 1-38.

Middleton, G.V., and Hampton, M.A., 1976, Subaqueous
sediment transport and depostion by sediment gravity
flows, in Stanley, D.]., and Swift, D.J.P, eds., Marine
sediment transport and environmental management: John

Wiley and Sons, Inc., p. 197-218.

Patton, PC., Baker, V.R., and Kochel, R.C., 1979, Slack-water
deposits—A geomorphic technique for the interpretation
of fluvial paleohydrology, in Rhodes, D.D., and
Williams, G.P., eds., Adjustments of the fluvial system;
tenth annual geomorphology symposium: Dubuque, Iowa,
Kendall/Hunt, p. 225-253.

Pierson, T.C., 1980, Erosion and deposition by debris flows
at Mt. Thomas, North Canterbury, New Zealand: Earth
Surface Processes, v. 5, no. 3, p. 227-247.

Pierson, T.C., and Scott, K.M., 1985, Downstream dilution
of alahar; transition from debris flow to hyperconcentrated

streamflow: Water Resources Research, v. 21, p. 1511-
1524.



ERUPTION-TRIGGERED LAHAR ON MAY 14, 1984 103

Pierson, T.C, and Costa, ].E., 1987, A rheologic classification
of subaerial sediment-water flows: Geological Society of
America Reviews in Engineering Geology, v. VII, p. 1-12.

Schmincke, H.-U., 1967, Graded lahars in the type sections
of the Ellensburg Formation, south-central Washington:
Journal of Sedimentary Petrology, v. 37, no. 2, p. 438-448.

Scott, K.M., 1985, Lahars and flow transformations at Mount
St. Helens, Washington, U.S.A., in International
symposium on erosion, debris flows, and disaster
prevention: Tsukuba, Japan, p. 209-214.

Scott, K.M., 1988, Origins, behavior, and sedimentology of
lahars and lahar runout flows in the Toutle-Cowlitz River
system, Mount St. Helens, Washington: U.S. Geological
Survey Professional Paper 1447-A, 74 p.

Scott, K M., and Dinehart, R.L., 1985, Sediment transport
and deposit characteristics of hyperconcentrated streamflow
evolved from lahars at Mount St. Helens, Washington, in
Proceedings, International Workshop on Flow at
Hyperconcentrations of Sediment: Sept. 10-14, Beijing,
China, 1985, Proceedings, 33 p.

Sharp, R.P, and Nobles, L.H., 1953, Mudflow of 1941 at
Wrightwood, southern California: Geological Society of
America Bulletin, v. 64, no. 5, p. 547-560.

Smith, G.A., and Lowe, D.R., 1991, Lahars: Volcano-
hydrologic events and deposition in the debris flow-
hyperconcentrated flow continuum, i Fisher, RV, and
Smith, G.A., eds., Sedimentation in volcanic settings:
SEPM (Society for Sedimentary Geology) Special
Publication 45, p. 59-70.

Stoker, ].J., 1957, Water waves; the mathematical theory with
applications: Wiley Interscience Publishers, 567 p.

U.S. Army Corps of Engineers, 1984, Alternative strategies
for a permanent outlet for Spirit Lake near Mount
St. Helens, Washington; final environmental impact
statement: [Portland, Oregonl, 1 v., various paging.

Whaitt, R.B., Jr., Pierson, T.C., MacLeod, N.C,, Janda, R].,
Voight, Barry, and Holcomb, R.T., 1983, Eruption-
triggered avalanche, flood, and lahar at Mount St. Helens—
Effects of winter snowpack: Science, v. 221, no. 4618,
p.- 1394-1397.



— o4 -

APPENDIXES 1.A AND 1.B




- (0SS —

(Poge \RA T FOLLOW)

APPENDIX 1.A



APPENDIX 1.A 109

APPENDIX 1.A — ANALYSIS

I examine here the physics of heat flow from a
pyroclastic deposit to subjacent snow or ice, with the
goal of determining whether irregularities at the interface
will be amplified or muted by heterogeneities in heat
flux. The mean thickness L of the deposit is assumed
small compared to its lateral extent, so that for
mathematical purposes the layer may be considered of
infinite extent. The analysis is restricted to the case of
small-amplitude irregularities. The large-amplitude case
is not amenable to analysis, although it would be
straightforward to use a finite-element numerical
approach. Because the object here is to elucidate physical
principles rather than tabulate numerical results of
uncertain applicability, such a computational effort does
not seem appropriate.

The coordinate system is shown in figure 1.A1. Itis
useful, although not necessary, to think of the contact as
having been scoured by the pyroclastic flow before the
flow came to rest; the cross section of figure 1.A1 is then
normal to the flow direction. As the substrate melts, the
entire deposit moves downwards relative to fixed
coordinates. The rate of motion of the contact will be
constrained by thermodynamics because the contact
represents a phase change from ice to water or vapor.
The aim here is to determine the spatial variability in
that rate of motion and thus whether irregularities on
the contact grow or decay.

y =n(x,t)

: y

y= &(X’t)

FiGure 1.A.1.—Definition of coordinate system for
heat-flow analysis.

I assume that heat transfer within the pyroclastic
deposit is purely conductive; thus advective heat transfer
by gases within the deposit’s pores, and in particular, by
water vapor generated at the deposit’s base, is ignored.
This assumption certainly fails if the substrate consists
of glacier ice or firn, in which case meltwater will not be
able to escape readily. Ponded water at the contact might
reasonably be expected to vaporize due to its proximity
to hot pyroclastic material, and then to escape upward
through the deposit. A similar phenomenon should occur
even with a permeable snow substrate if the pyroclasts
are hot enough. Although the detailed physics of heat
transfer from a hot deposit to a frozen substrate are still
not well understood, by drawing analogy to results from
studies of boiling (Whitaker, 1977), I suggest that
pyroclastic grains will generally be separated from the
frozen substrate by a fluid film across which heat is
transferred. Meltwater flows along this film towards the
nearest pore, gaining heat from the pyroclasts along the
way. Ifthe pyroclast temperature Tjj exceeds some critical
value 7_;,, the meltwater will vaporize before it can reach
the pore. The water vapor so generated will then tend to
escape upward through the pyroclastic deposit. On the
other hand, if Ty < 7_;,, the meltwater will remain liquid
and tend to percolate downward into the snow, quickly
losing its excess sensible heat by melting more snow.

If meltwater produced at the base of the pyroclastic
deposit does vaporize and escape upward, cooling of the
pyroclastic deposit would no longer be simply by
conduction; advective heat transport by the vapor and
thermal interaction between the vapor and the solid grains
would have to be explicitly considered (Baer and
Nunziato, 1986). Based on preliminary results of
experiments (Walder, 1992, 1995), I suggest
T ;e = 200°C, so advective heat transport is in fact likely
to be significant in many cases. However, as explained
later, this will have no qualitative effect on conclusion
drawn from the purely conductive model, so for
simplicity I ignore advection.

The mathematical problem to be posed is in the
general class of moving-boundary problems (Carslaw and
Jaeger, 1959, p. 282-296). The temperature 7 in the
deposit is described by the equation

§I+ Ue VT=K(82T azT) ,

1.A1
5 + (LA1)

e 9

where K = k,/p ¢, is the thermal diffusivity of the deposit,
with £ its thermal conductivity, p,, its density, and ¢,
its specific heat; # is the particle velocity, x and y are
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spatial coordinates, and ¢is time. The initial condition
is simply
T(¢=0)+ T

for N(x,2) < y<&(x,9).
The appropriate boundary conditions are less obvious.

(1.A2)

For plausible terrestrial conditions, the substrate (snow
or ice) will exist near its melting point 7, and must be
melted by the much hotter pyroclasts. Inline with earlier
discussion in this appendix, temperature in the fluid film
between pyroclasts and ice grains may vary tremendously
on a short length scale, being as low as 7, or as great as,
and perhaps greater than, the vapor point 7;. Lacking
experimental data, one can state only that the average
temperature 7, at the base of the pyroclastic deposit is
bounded by 7}, = T;,, and that as the deposit cools,
Ty, > T,,. For purposes of the present analysis, I will
therefore make the physically reasonable assumption that
7}, relaxes exponentially from an initial value of Ty toward
the melting point:

Ty=E(xt) = Tiy = Ty + ( Ty= T)e P, (1.A3)

where 3 is the reciprocal of the time scale over which the
boundary temperature relaxes to that of the substrate;
1/Bis sensibly much less than the characteristic time scale
for the bulk of the deposit to cool substantially. (In other
words, the base of the deposit approaches a temperature
of T, much more quickly than does the bulk of the
deposit). Henceforth I take 7;;, = 0. The detailed form
of the lower boundary condition, as long as it reflects the
physical necessity that the temperature relaxes toward 7},
over a finite period of time, has no effect on the
conclusions as to growth or decay of irregularities.

The appropriate boundary condition to apply at the
free surface y = 1(x, ) also requires careful consideration.
Air is a poor conductor of heat, and heat loss from the
free surface is probably dominated by convection due to
wind and perhaps due to escaping vapor as well. A
boundary condition of the form used by Ryan and others
(1990), namely, Ty = n(x,#)] = T,, where T is the air
temperature, will tend to overestimate heat loss to the
atmosphere. Proper description of the convective
boundary condition at y = 7(x,#) would require
specification of at least air temperature and wind speed
[see any text on heat transfer, for example, Whitaker
(1977)]. In light of the uncertainties, for mathematical

simplicity I will assume the upper boundary to be
insulated:

g—T (y=n(x9) =0, (1.A9)
n

where 0 7/07 is the normal derivative, nearly equal to
07T/9dy if the free surface is relatively smooth
(l an /9x|« 1). This assumption leads to an overestimate
of total heat loss from the base, but has no effect on the
qualitative conclusions regarding growth or decay of
contact irregularities.

Some justification for using equation (1.A4) comes
from recent observations made at Mt. Redoubt, Alaska,
by Edward Wolfe and Cynthia Gardner (oral
communication, 1990), who examined a pyroclastic
deposit that had been laid down on snow only a few
hours previously. The deposit, roughly 0.5 m thick, was
cold—in fact, partially frozen—at its base, yet hot and
dry at its surface, indicating that heat was removed from
the base of the deposit much more efficiently than from
the free surface.

The existence of a moving boundary requires that
one more boundary condition be specified, namely, that
which relates the rate of motion of the contact & (x,) to
the heat flux at the contact. To do so, I will assume that
as the deposit melts its way downward, particles move
strictly vertically. Thus, the only non-zero component
of # is the y-component, denoted by ». Further
assuming that the density of the deposit remains constant,
it follows that

v=v(xt) = -aE ) (1.A5)
ot
The heat-flux condition at the contact is then
0 oT
pi(1 —¢)H§§ = -kpg ony=E&(x,2). (1.AG)

where p; is the density of ice, ¢ is the snow’s porosity,
and H is the latent heat of melting. Equation (1.A6)
expresses the rate of movement of the contact due to
melting. In general, the moving-boundary condition
(equation 1.A6) renders equation 1.Al nonlinear,
because v depends on 0 77/dy. As will be shown below,
however, under appropriate constraints the problem
effectively linearizes.

In order to discuss the evolution of topography on
the moving boundary &(x, ), a mean boundary and local
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deviations therefrom need to be defined. Formally one

may write
lim 1 f
= im
E0- )0 55 | Eeor.  aa)
D
and similarly
D
— lim 1
(s = Deo ZDJI; n(x,)dx , (1.A8)

as long as E&(x,z) and 1(x,2) are themselves finite for
all x. The mean speed of the contact is then simply

7(t) = dé .

o (1.A9)

It is now straightforward to transform the coordinate
system to one that moves with the mean boundary &()
by choosing

P=y-E@+ L, (1.A10)

where L is the mean thickness of the deposit, that is,
D

[=E-7= lim 1
D—e0 2D

[E(x2) —n(x)]dx, (1.A11)

whence (1.A1) may be rewritten as

o7, -9 5L - x g—ZT 32*2 ), (LA12)
with the initial condition
T(t=0)=T, for n-n<E-E+L, (1.A13)
and the boundary conditions
TP on y*=E-E+ L, (1.A14)
%,Z: =0 on y*=1n-T7, (1.A15)

pi(l—¢)H—g% 4,97 on n #=E-E+L,(1.A16)

Pa*

For purposes of further analysis, I recast equation
1.A12 into dimensionless form, using

x = AX

yr= LY 1.A17
t = (A%t ( )
T -T0

where A is the characteristic length scale over which the
deposit thickness varies in the x direction. The
characteristic velocity scale v, is sensibly given by
bl (L*%), thus using equation (1.1) of the main text,

k, Tyl L
- —pd 1.A18
Uchar ¢pi H ( )
whence equation 1.A12 becomes
eLc) 89 9%0 . 0%
5 + N(v— v) 12 3X2 372 (1.A19)

where v and 7 are dimensionless velocity and mean

velocity, respectively, both O(1); = L/A, and

_ pd Pp
(H )(¢p)

is a dimensionless number indicating the relative
importance of the advective term in the energy balance.
Taking parameter values as in the main text, one can
estimate N, = 4 — 10; accordingly, the advective term is
negligible and the mathematical problem linearizes only
if v—7 «1. Conditions under which this approximation
holds will now be elucidated.

Suppose that the contact roughness is described by
an equation of the form

E_E=8L sinkgx ,

(1.A20)

(1.A21)

where k. = 21t/A,, with A, the wavelength of the contact
irregularities. Similarly, assume that the free-surface

topography is given by

n-m=¢eL sinknx , (1.A22)
where £, = 21l',/7»n with 7» the wavelength of free-surface
irregularities. Because my purpose here is to determine
simply how variations in deposit thickness affect the Jocal
melt rate at the contact with the underlying snow, I can
without loss of generality take the free surface as planar.
This simplifies the mathematics without affecting the
qualitative result. Thus, I take =1, /eg k, 7\. A
Evidently, v— 7— 0 as & — & — 0 because the melt rate
must be uniform on a planar boundary. Therefore
v -7 -~ O(3), and in particular,

v—7=08Pas § >0. (1.A23)
Accordingly, for small-amplitude irregularities (18 < 11),
the advective term on the left-hand side of equation
1.A19 vanishes and the problem linearizes.

The mathematical problem to be solved is thus, in
dimensionless form,
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00 2 0% 9%
= = _— 1.A24
o ax2" 3y? (1.A24)
with the initial condition
0(t=0)=1 for 0 <Y <EX), (1.A25)
and the boundary conditions
0=¢" on Y=E(X) , (1.A26)
a-i:o on ¥=0, (1.A27)
where y= BL%/X (»1) and
(0 =1 + &sin 21X . (1.A28)

The flux boundary condition, expressed in dimensionless
form as

v= -giy on Y=5(X), (1.A29)

now simply serves to provide an a posteriori means of
calculating the speed at which the contact moves. Peaks
on the contact correspond to sin 21X < 0, troughs to
sin 210X> 0.

The assumption of small-amplitude irregularities
(I8 <« 1) means that the boundary condition applied
on the wavy contact can be expanded using a Taylor
series as

O[Y=E(X]=0(Y=1)+5 sin27th—9Y (Y=1)+0(8), (1.A30)

thereby in effect transferring the boundary condition to
the plane ¥'= 1. The form of equation 1.A30 suggests
(Carrier and Pearson, 1976) a perturbation scheme of
the form

(X YTy =09(¥1) + 56X Ymw) + O, (1.A31)

where 8)(¥,1) is simply the (dimensionless) temperature
distribution for the limiting case of planar boundaries.
The dimensionless temperature gradient at the contact
may therefore be expressed as

20 - _ 3_9(0) _ a0 _
5y [Y=EX)] = 5y =1 +0 [—_—BY (Y=1)

+ sin2nX g—g’,‘"’ (Y= 1)] + 0(8%), (1.A32)
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which is the quantity of eventual interest, as it is
proportional to the melt rate and thus determines
whether irregularities on the contact will grow or shrink.

Using equation 1.A31 in equations 1.A24 through
1.A27 and separating terms of like order, one finds for
the leading-order terms

900_ 2®

=-9Y 1.A33
0t 9Y? ( )
with the conditions
0OO<Y<1,1=0)=1, (1.A34)
0O(Y=1,1) = e¥7 (1.A35)
000 o _
92 (r=0,9=0 , (1.A36)
and for the O(J) terms,
26 %0 920
S = W SyT o+ 5yT (1.A37)
with the conditions
BMO<Y<1,7T=0)=0, (1.A38)

0
o(y=1£1)= —sinZnng% (Y=1) + 0% , (1.A39)

_889__‘1/”(1/: 0,9=0 , (1.A40)

The lower boundary condition reflects the additional
assumption that irregularities at the contact not only have
small amplitude but also small slope , that is, E(=p9), in
which case 96/9z = 96/9Y to within O(E2). This
assumption simplifies the algebra without qualitatively
altering the results.

Exact expressions for 6 and () may readily be found
by the Laplace-transform method (Carslaw and Jaeger,
1959). Solution by this method involves transform pairs
that are not tabulated, so explicit inversion of the
transforms requires evaluating contour integrals in the
complex plane. Details are given in Appendix B. The
quantity of principal interest here is Q, the heat flux at
the contact Y = E(X) integrated over time, given in
dimensionless terms as

T
Q= IBY[Y—_(X)]dt. (1.A41)
0
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Using equation 1.A33 and the results in Appendix 1.B, I
find

Q=1-8(-1+2nw)sin2nX+ O(B?), (1.A42)

where the first term on the right-hand side of equation
1.A42 is simply the mean heat flux. Equation 1.A42
shows that peaks on the contact receive a greater flux
than troughs—and thus irregularities tend to be
damped—if 2mp>1, that is, for irregularities with
wavelength A < 2rnL. In contrast, long-wavelength
irregularities (A> 2w L) tend to be enhanced by melting.
For a pyroclastic deposit with a thickness of, say, a few
tens of cm (as in figure 1.1A), irregularities that have
wavelengths less than about 1 m would tend to be
damped. Small-scale “scour” features, should they in fact
ever exist, are thus likely to be muted or destroyed by the

time an observer can arrive on the scene.

A final comment about heat advection by vapor,
heretofore neglected in the analysis, is in order.
Considering again figure 1.A1, for short-wavelength
irregularities, the conductive heat flux to the snow at the
trough A is less than at the peak B; accordingly, the melt
rate, and thus (if the base of the deposit is hot enough)
the vaporization rate, is less at A than at B. Because the
vapor will tend to rise vertically and convectively cool
the deposit as it rises (the vapor itself becoming
superheated), the deposit above A will undergo less
convective cooling than the deposit above B. The vapor
flux therefore tends to keep the deposit above A hotter
than the deposit above B, reinforcing the tendency for
conduction to divert heat from A toward B. For long-
wavelength irregularities, A and B are, as before,
effectively thermally isolated from each other.
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APPENDIX 1.B—INVERSION OF
LAPLACE TRANSFORM

The Laplace transform is particularly appropriate for
the problem presented in Appendix 1.A. The only
noteworthy complication is the necessity to invert
untabulated transforms. Because of the lengthy, tedious
algebraic manipulations involved, I give here only enough
detail for interested readers to be able to reproduce my
results. _ _

The solutions for 8© and 8, the Laplace trans-
forms of 8© and 81, respectively, are easily found to
be

B0 _ i B Y cosh s12n

1.B1
s s(s+7)  cosh 512 (LB1)
and
CIOM 511—,3 (77 tanh 57
[ 2,,2)1/2 ]
X cosh [(s + 4mps)12y] Gn2mX (LB1)

cosh [(s + 42 p2)1/2]

where s is the transform variable corresponding to 7.
Neither transform is customarily tabulated, so I inverted
by means of contour integrals in the complex plane
(Levinson and Redheffer, 1970). To find 8 and its
derivatives with respect to Y, note that 0O has poles at
s=0,5=~,and s= 5, = —-[r@2n+1)/2)? (n=0,1,2,3...).
To find 8 and its derivatives with respect to ¥, note
that in addition to poles at s = -y, s = 5, , and
5= sn—4n2u2 (n = 0,1,2,3...), a branch cut along the
positive real axis from s= 0 to s = e is required so that
8 be single-valued. The inversion integral must then
wrap around the branch point at s= 0. When evaluating
00 /9 Y and thence the heat flux, the contribution from
this part of the contour is non-zero and in fact is the
critical contribution. Calculation of the result given by
equation 1.A42 is facilitated by the fact that for a function
f (1), the Laplace transform of the integral

Jf(t)dt (1.B3)
0

is simply given by f (9/s.



